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ABSTRACT 
7 
Laboratory measurements were made of t h e  i n s t a b i l i t i e s  of t he  
Ekman l a y e r  using hot w i r e  anemometers. The apparatus consis ted of 
two p a r a l l e l  c i r cu la r  ro ta t ing  p l a t e s  forming a spool; t h e  air was 
admitted through screens at the  outer  edge and removed through a 
screen cage at the  hub. I n  the  Ekman l a y e r s  formed on t h e  inner sur- 
faces  of the p l a t e s ,  measurements w e r e  made of t he  m e a n  veloci t ies  as 
funct ions of r and z; t he  veloci ty  f luc tua t ions  w e r e  also measured. 
The r e s u l t s  show t h e  changes i n  boundary l a y e r  p r o f i l e  with 
Reynolds number and Rossby number, and the  c r i t i c a l  Reynolds number 
f o r  i n s t a b i l i t y  as a function of Rossby number. 
I t  appears t h a t  the  i n s t a b i l i t y  l abe l l ed  Type I1 by F a l l e r  a l w a y s  
occurs f i r s t ,  and at zero Rossby number t h e  critical Reynolds number is 
56 2 2. This i n s t a b i l i t y  or ig ina tes  i n  t h e  Ekman l a y e r ,  but a t  s l i g h t l y  
higher Reynolds number the f luc tua t ions  p e r s i s t  f a r  i n t o  t h e  geostrophic 
region, probably as i n e r t i a l  waves exc i ted  by the  f luc tua t ions  i n  t h e  
boundary l a y e r .  
A t  higher Reynolds number another i n s t a b i l i t y  appears of shor te r  wave- 
length and slower speed. This i n s t a b i l i t y  i s  confined t o  t h e  boundary 
l a y e r  and i s  apparently t h e  Type I o r ig ina l ly  reported by Fa l le r .  
The phase speeds, frequencies and wave f r o n t  o r i en ta t ions  of both 
type i n s t a b i l i t i e s  have been measured. 
(The pr inc ipa l  r e su l t s  of t h i s  research w e r e  presented by t h e  author a t  
t h e  Symposium on Rotating Fluids sponsored by the  In te rna t iona l  Union of 
Theoret ical  and Applied Mechanics, L a  Jolla,  Cal i forn ia ,  biarch 28 t o  
Apr i l  2,  1966.) 
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CHAPTER I 
INTRODUCTION 
1.1 R e v i e w  of Previous Work 
During t h e  d r i f t  of the FRAly acrosa the  polar  sea (1893-18961, 
F r id t jo f  Nansen observed that  t he  d i rec t ion  of d r i f t  of the surface 
ice wa8 20 degrees t o  40 degrees t o  t h e  r i g h t  of t h e  wind, and attrl- 
buted t h i s  phenomenon t o  the e f f e c t  of t he  ear th ' s  rotation. 
fu r the r  reasoned that t h e  direct ion of motion of each water l aye r  
must be t o  t h e  r igh t  of t h e  l a y e r  above i t  s ince i t  is  af fec ted  by 
the overlying l a y e r  much as t h e  surface l a y e r  is af fec ted  by the 
wind. 
Nansen 
(Sverdrup, Johnson, and Fleming [l]) 
A t  Nansen's suggestion, V. W. Ekman [ 21 undertook the mathema- 
t i ca l  ana lys i s  of t h i s  problem, and invest igated the  flow re su l t i ng  
from a balance of pressure gradient,  co r io l i s ,  and f r i c t i o n a l  forces. 
Ekman considered the  eddy viscosity,  A, t o  be constant;  and showed 
t h a t  the  important boundary l a y e r  ve loc i t i e s  are confined t o  a l a y e r  
of th icknesaJq/pf  , w h i c h  Ekman called the  "depth of f r i c t i o n a l  
resistance". Within t h e  boundary layer,  the  veloci ty  i s  represented 
by a vector which changes in length exponentially with depth, and 
i n  angle l inea r ly  with depth. This is  the  familiar Ekman Spiral .  
Although Ekman considered an eddy viscosi ty ,  t h e  ana lys i s  i s  applic- 
able t o  laminar flows if the constant eddy v iscos i ty  A is replaced 
by constant dynamic 
ponents of a bottom 
v i scos i ty  p . The Ekman so lu t ion  f o r  the com- 
boundary current  under a veloci ty  V i n  t he  
I 
2. 
x di rec t ion  which i s  independent of depth is given by: 
Because of t h e  s imi la r i ty  i n  the boundary l ayer  p ro f i l e s  i n  
Ekman flow and t he  flow over a rotating disc i n  a f l u i d  at @est 
(Schlichtlng [3]), it is in te res t ing  to  consider the results of 
some e a r l y  i n s t a b i l i t y  experiments with ro t a t ing  discs i n  free 
air. 
fixed hot wire anemometer over a disc ro t a t ing  i n  f r e e  air, i n  
which they found a disturbance occurred at  a t r ans i t i on  Reynolds 
number of 1440, with the following def in i t ions :  
I n  1944, Theodorsen and Regier [4] made measurements with a 
b = 2 . 5 8 m  
This corresponds t o  a Reynolds number of 560, when 
as : 
R e  is defined 
In 1945, Smith [5] used a hot wire probe adjacent to a ver t i -  
cal rotating disc i n  air, and found sinusoidal disturbances t o  
occur at: 
8 
620 < R e  < 760 b+ 
where: &ti = 1.37 
I 
c 
L 
3. 
Eliminating the  1.37 fac tor ,  t h i e  corresponds t o  a Reynolds num- 
ber range of: 
450 < Re < 555 
Smith, using a double wire probe, determined the  phase veloci ty  to 
be 
respect to the tangent ia l  direction. 
C = 0.2(&) ,  and the  angle of or i en ta t ion  t o  be 14 degrees with 
In 1955, Gregory, Stuar t ,  and Walker [ e ]  used t h e  china c l ay  
technique t o  determine the  presence of i n s t a b i l i t y  on a ro t a t ing  
disc i n  f r e e  air. This technique i s  l imited i n  t h a t  i t  is capable 
of demonstrating the  presence only of s ta t ionary modes of dietur- 
bance. They found tha t  an instabil i ty occurred at  R e  = 1.8 X 10 , 
with the Reynolds number defined as: 
5 
R e  
This reduces t o  a c r i t i c a l  Reynolds number of 435 when the  second 
r i s  replaced by the Ekman depth D i n  the computation of R e .  
The d i rec t ion  of propagation of t h e  waves as given by the  
china c l a y  p ic ture  was 14 degrees from the  r ad ia l  direct ion,  i n  
good agreement with SmithTs work and the  theore t ica l  calculat ions 
of Stua r t  i n  t h e  same paper, 
cated t h e  i n s t a b i l i t y  to  be i n  the form of a series of horizontal  
r o l l  vor t ices  with spacing r e l a t ed  t o  the  boundary l a y e r  depth; an 
hypothesis which w a s  reasonably w e l l  confirmed by the  experimental 
work. Stuar t  concluded that the curvature t e r m s  had l i t t l e  inf lu-  
ence on t h i s  inv isc id  in s t ab i l i t y .  
S t u a r t T s  mathematical a n a l y s i s  indi-  
4. 
1.1 1960, S t e m  [7] considered the  theo re t i ca l  problem of a 
f l u i d  of r e l a t ive ly  shallow depth i n  a rotating annulus, with 
f l u i d  being forced i n  at the outer r i m  and withdrawn at the inner  
r i m .  
Inflowing viscous boundary layer .  
the  poss ib i l i t y  of t he  existence, a t  l a r g e  Taylor numbers, of an 
i n s t a b i l i t y  which d r a w s  i ts  energy from the  ageostrophic pertur- 
bat ion component of the  mean f l o w .  
boundary" mode, and suggested tha t  f o r  Taylor numbera a6 l a rge  as 
2.5 x 10 
and that the preferred mode of disturbance should have a radial 
wavelength given by: 
This es tab l i shes  a geostrophic azimuthal veloci ty  over an 
Stern theo re t i ca l ly  es tabl ished 
H e  re fe r red  t o  this a6 a "body- 
3 
t h e  flow should be unstable at Reynolds numbers below 80; 
where Ta i s  the  Taylor number: 
pIIz Ta = - 
2 
:I is  the t o t a l  f l u i d  depth, and m is  a constant of order unity. 
I n  1961, Arons, Ingersol, and Green [ 8 ]  conducted a series of 
experiments i n  which they supplied water to  the center of a ro ta t ing  
tank p a r t i a l l y  f i l l e d  with water, and allowed the surface to  rise 
wi th  t i m e .  They observed a highly organized pa t te rn  of i n s t a b i l i t y  
in t h e  form of concentric cyl indrical  sheets  of water which rose as 
sharply defined jets through the e n t i r e  depth of the  fluid. T h i s  
i n s t a b i l i t y  was confined t o  the  n a r r o w  Reynolds number range: 
t 
5. 
1.6 < R e  = E < 3-6 
V 
and had a wavelength given by 
f X = 2-0 Ta D 
Fal le r  conducted both a theoretical and an experimental study 
of Ekman l a y e r  i n s t a b i l i t y  i n  which he considered a ro t a t ing  tank 
p a r t i a l l y  f i l l e d  with f l u i d  having a d is t r ibu ted  source around the  
o u t e r  r i m  and a concentric sink at the  center. H i s  t heo re t i ca l  
a n a l y s i s  [B] u t i l i z e d  an expansion i n  Rossby number of the  non- 
dimensionalized dependent var iables  of the Navier-Stokes equations 
(see Ful tz  [ lo])  t o  form an ordered set of equations which could 
be solved subject t o  the appropriate boundary conditions. 
t h e  r a d i a l  component of t h e  i n t e r i o r  flow t o  be zero t o  the  second 
order, and t h e  non-dimeneional second order tangent ia l  veloci ty  t o  
be given by: 
H e  found 
233 2 V ( 2 )  1 --R 3 +;-R 
13 0 000 0 
For h i s  experimental work, Fa l l e r  [ll] used a ro t a t ing  tank 
4 meters i n  diameter with a pumping system t o  withdraw w a t e r  from 
t h e  center  and d i s t r i b u t e  it uniformly around the  outside. 
boundary l a y e r  c i rcu la t ion  was observed by the  introduction of po- 
tassium permanganate dye c r y s t a l s  near t h e  outer  r i m ,  which tended 
t o  form s t reakl ines  as the  f l u i d  flowed past .  Spi ra l  bands of dye 
which formed w e r e  in terpreted as regions where the l a y e r  of dyed 
The 
6.  
f l u i d  became deeper or shallower due t o  the  euperposition of un- 
s t a b l e  per turbat ions on the  basic boundary l a y e r  flow. Photographs 
of the bands w e r e  measured t o  g ive  a critical radius  a t  which the  
bands were f i r s t  observed, t h e i r  o r ien ta t ion ,  and t h e i r  spacing. 
Fa l l e r  used t h e  zero-order solut ion f o r  t h e  geostrophic velo- 
c i t y  : 
where S = mass flow rate i n  t he  def in i t ions  of Reynolds number and 
Rossby number: 
S 
P €20 = - 2 
2irr UD 
c 
Y 
R e  zryv 
so t h a t  both parameters could be expressed i n  t e r m s  of only the  two 
independent parameters, S and S2 . The cr i t ical  Reynolds number, 
i n  the  l i m i t  of zero Rossby number, w a s  found to be 125 2 5. 
wavelength, non-dimensionalized by the Ekman depth, varied from 9.6 
t o  12.7 with an average of 10.9. The average angle from t h e  tangen- 
tial direction was found t o  be E = 14.5 degrees t o  the  l e f t ,  with 
a standard deviation of 2.0 degrees. Motion p ic tures  o f  the  bands 
showed t h a t  i n  all cases they moved r ad ia l ly  inward. 
The 
Barcilon [ 121, i n  a 1965 theore t ica l  paper, obtained ana ly t i c  
so lu t ions  of t he  perturbation equations using an Ekman mean veloci ty  
prof i le .  H e  d id  not, however, a r r ive  at a value fo r  a cr i t ical  Rey- 
nolds number s ince h i s  method of solut ion w a s  not accurate at the  
r e l a t i v e l y  small Reynolds numbers where i n s t a b i l i t y  has been observed. 
- .  
i 7. 
H e  concluded tha t  a t  large Reynolds numbers, t he  Cor io l i s  fo rce  
does not a f f e c t  t he  s t a b i l i t y  proper t ies  of the  Ekman l a y e r ;  and 
t h a t  i n  t h i s  respect the Cor io l i s  force does not play a e ign l f i -  
cant role i n  the s t a b i l i t y  analysis. This i s  esaent ia l ly  i n  
agreement with the deductions of S tua r t  (GSW) who analyzed the  
inv isc id  equations f o r  flow over a ro ta t ing  disc. 
L i l l y  [13] and F a l l e r  and Kaylor [14] at about the same t i m e  
presented numerical solutions t o  the Ekman l a y e r  problem. L i l l y  
used a perturbation analysis  and numerically solved both the  com- 
p l e t e  set of equations and the  Orr-SQmmerfeld equation (OSE). B o t h  
solut ions exhibited i n s t a b i l i t y ,  with a minimum Reynolds number of 
55 for t h e  complete set and 85 for the  OSE. Stationary waves w e r e  
found t o  be unstable above R e  = 115. L i l l y  suggested that the 
subs tan t ia l ly  lower cri t ical  Reynolds number f o r  the  complete set 
indicated the  existence of a separate  i n s t a b i l i t y  mechanism, asso- 
c ia t ed  with t h e  Coriol is  terms; and ve r i f i ed  t h i s  by means of a 
simplif ied ana ly t i c  solution. H e  designated t h i s  as a "para l le l  
i n s t ab i l i t y" ,  and noted that  i t  was of the viscous type since it 
vanished at high Reynolds numbers. The numerical solut ion indicated 
t h a t  the viscous i n s t a b i l i t y  should be or iented at s m a l l  or negative 
( t o  the  r i g h t )  angles wi th  respect  to  t h e  tangent ia l  flow. 
F a l l e r  and Kaylor obtained numerical solut ions to the  t i m e  
dependent non-linear equations of motion s t a r t i n g  with a perturba- 
t i on  on the f i n i t e  difference equivalent of a laminar Ekman solu- 
t ion.  Their results confirmed the presence of two d i s t i n c t  modes 
. 
8. 
of i n s t a b i l i t y ;  one with = 1 1 D  and E. = 12 degrees, and a 
longer f a s t e r  wave at negative & 
ber  i n  the  range 
with a critical Reynolds num- 
50 < R e  < 70. 
In  a recent experimental paper, F a l l e r  and Xaylor [ 151 have 
reported the  observation of the viscous i n s t a b i l i t y  occurring at 
lower Reynolds number, which they have designated Type 11. 
apparatus used was eesent ia l ly  the same as was used earlier by 
F a l l e r  (1963) i n  h i s  s tud ies  of the inv isc id  i n s t a b i l i t y  waves 
(Type I). The Type I1 waves w e r e  found t o  occur sporadioally, 
move rapidly,  have a wave length of 22 to 33 t i m e s  the  Ekman depth, 
and t o  be oriented at an angle varying from 5 degrees t o  the  l e f t  
(+5 degrees) to 20 degrees t o  the r igh t  (-20 degrees) of the tan- 
gen t i a l  direct ion.  These waves occurred at a minimum Reynolds 
number R e  = 70.  
a t t a i n  f i n i t e  amplitude before the Type I are establ ished,  t h e  com- 
bined c i r cu la t ion  becomes unstable t o  a small scale mode, w h i c h  
then i n t e r a c t s  with the  previously established flow t o  produce an 
abrupt t r ans i t i on  t o  turbulence. 
The 
I t  was observed tha t  when the Type I1 vor t ices  
A t  the  t i m e  the  present inves t iga t ion  was i n i t i a t e d ,  Faller's 
1963 paper was t h e  most recent experimental invest igat ion available, 
and i t  was f e l t  t h a t  his observational techniques using dye and 
photography w e r e  s ens i t i ve  only t o  s ta t ionary o r  a t  best  s l o w l y  
moving waves- 
surements been made i n  e i ther  the m e a n  flow o r  the  boundary l a y e r  
f o r  the Ekman model. 
In  none of the works cited have quant i ta t ive  mea-  
Our experiment w a s  designed, and t h e  equipment 
9. 
b u i l t ,  t o  allow the  quant i ta t ive measurement of Ekman boundary 
l a y e r  parameters. 
1.2 Description of Experiment 
boundary l a y e r s  were generated by the removal of air 
from t he  center  of a rotating tank having the general shape of a 
la rge  flat spool. 
passing through a pair  of screens t o  bring i t  up to  so l id  body 
ro ta t iona l  speed. The apparatus was spec i f ica l ly  designed to  u t i -  
lize air as t h e  working f l u i d  to  a l l o w  the  use of hot wire anemo- 
meters i n  making quant i ta t ive measurements. 
Room air w a s  admitted from the  outside after 
Measurements w e r e  made of the v e r t i c a l  and r a d i a l  veloci ty  
p ro f i l e s ,  t h e  boundary l a y e r  depth, and the onset of i n s t a b i l i t y  
using a s ingle  wire probe. 
c i t y  w e r e  determined using double wire probes, 
Wave f ron t  or ien ta t ion  and phase velo- 
Tlie instrumentation w a s  designed so t h a t  most of t h e  data  w a s  
ava i lab le  i n  t h e  form of voltages, allowing the  use of an X-Y recorder 
and a high speed pen recorder to monitor continuous p r o f i l e s  as para- 
meters w e r e  changed. 
10. 
CHAPTER 11 
EXPERIMENTAL EQUIPMENT 
I1 .1 The R o t a t i n g  Tank 
Figure 2.1 is a schematic diagram and f igu re  2.2 i s  a photo- 
graph of the ro t a t ing  tank which was b u i l t  f o r  t h i s  experiment. 
The main body of the tank consis ts  of two 36 inch diameter p l a t e s  
of one-half inch plexiglass;  held 3.00 inches apar t  by a hollow 
core at the  center  and six spacers around the  outer r i m .  I t  i s  
supported by a hollow s h a f t  running i n  two main bearings; and 
driven i n  ro t a t ion  by a V-belt from an a u x i l i a r y  shaf t ,  which re- 
ceives its power from an e l e c t r i c  motor and var iable  speed hydrau- 
l i c  unit. 
the  suct ion side of a potentiometer-controlled vacuum cleaner. 
Around the  outer  r i m  a 50 mesh s i l k  screen was i n s t a l l e d ,  with 
another similar screen he ld  one-half inch fu r the r  ou t  by means of 
spacers. 
solid ro t a t ion  speed before it entered the tank. 
b a f f l e  between the  outer edges of t he  upper and lower p l a t e s  re- 
stricted the space through which air could en te r  to  the  0.62 cm 
space adjacent to the plates. 
a three inch radius around the cen t r a l  hub. 
supported by a frame of s t e e l  beams, and l eve l l ed  by means of ad- 
justments at the  four  cornersr 
The hollow shaft  is connected through a flowmeter t o  
These screens served to  bring the  incoming air up t o  
A plexiglass  
Another s i l k  screen was placed a t  
The e n t i r e  system w a s  
" "/7" r ' " '; ' ' '' . " ' " " " " '; I/ ' " " " n  " ' ' ,  ,, " ',," " '' " " '' " 
Figure 2.1 Schematic diagram of rotating tank 
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Five three-fourth i n c h  holes w e r e  d r i l l e d  i n  t h e  upper p l a t e  
of t h e  tank, at radii of 6 ,  8 ,  10, 12 and 14 inches, t o  allow t h e  
in se r t ion  of hot  wire probe assemblies. 
0-1 the  top of t h e  tank a s l i p  r ing  assembly w a s  i n s t a l l e d ,  
consis t ing of nine silver rings each with two silver graphi te  
brushes. 
t o  hold t h e  f ixed port ion of t he  s l i p  r ing  assembly. 
A l ightweight frame extended over t h e  top of the  tank 
11.2 The Flowmeter 
The flowmeter, figure 2.3, consisted of a brass  pipe 1 8  inches 
long and 2 inches i n  diameter, with s i l k  screens across  the  upstream 
end to smooth the flow, a one-eighth inch rod across t h e  flow 12 
inches downstream, and a hot wire probe 1 inch fu r the r  downstream. 
The Strouhal shedding frequency (Roshko [l6]) of the  cylinder across 
t h e  flow was sensed by the hot wire a n e m o m e t e r ,  amplified, and 
counted by the  e l ec t ron ic  frequency counter. I n  t h i s  case, no C a l i -  
brat ion of t he  hot wire is necessary,  and t h e  hot wire c i r c u i t  can 
be reduced t o  i t s  fundamentals. The hot wire is placed i n  series 
with a dry cell bat tery and a l a rge  res i s tance ;  the voltage fluctua- 
t i o n s  across  t h e  hot wire measure t h e  shedding frequency, This fre- 
quency wa8 ca l ibra ted  i n  terms of mass flow by placing a small wind 
tunnel downstream i n  series with t h e  flowmeter, while t h e  flowmeter 
w a s  mounted on the tank, Four s i l k  screens at i n t e r v a l s  of 1.5 inches 
smoothed the flow before i t  entered t h e  test section, The veloci ty  
p r o f i l e  i n  the  test sect ion w a s  determined with a previously ca l ibra ted  
.. 14. 
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hot  wire anemometer, t he  displacement thickness b+ computed as a 
function of velocity (Rosenhead [ 171 1, and f r o m  th i s  t h e  ne t  mass 
t ransport  computed as a function of velocity.  
ca l ib ra t ion  procedure are shown in f igure  2.4. 
The results of t h i s  
11.3 The Traversing Mechanism 
A t ravers ing m e c h a n i s m  wan constructed which mounted OQ t h e  
upper p l a t e  of t he  tank and allowed a probe t o  be driven ve r t i ca l ly  
o r  angularly while the  tank was ro t a t ing  ( f igure  2.5). 
m e t e r  bar re l  w a s  incorporated into the v e r t i c a l  posi t ioning dr ive 
which allowed precise  control and ca l ibra t ion  of v e r t i c a l  posit ion.  
A ten-turn precis ion potentiometer w a s  geared t o  the  micrometer 
ba r re l  allowing the  ca l ibra t ion  of ver t i ca l  posi t ion i n  terms of a 
direct current  voltage t a k e n  out through t h e  s l i p  rings. 
l a r l y ,  the  s t e m  of the probe was geared t o  a continuous turn  preci- 
s ion potentiometer which allowed the angular posi t ion of the sensing 
wire t o  be ca l ibra ted  i n  t e r m s  of a voltage. Mercury cells ro t a t ing  
with the  t ravers ing mechanism w e r e  used i n  conjunction with the po- 
tentiometers t o  conserve s l i p  rings. A 24 v o l t  potentiometer con- 
t r o l l e d  d,c. motor could be used t o  drive the probe either ve r t i ca l ly  
or angular ly ,  and a double p o l e  double throw switch connected the 
appropriate potentiometer to the  bat tery supply and the output s l i p  
rings. 
A micro- 
Simi- 
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The moveable block a is driven vertically on shaft s by 
the micrometer head b, which may be connected by belt 
to the externally controlled motor c. 
cision potentiometer d is geared to the micrometer. 
Alternately, the motor may be connected by belt to drive 
the holder e containing the hot wire h. A continuous 
turn potentiometer f is geared to the hot wire. 
A ten-turn pre- 
Figure 2.5 Schematic diagram of traversing mechanism 
18 . 
11.4 The Hot Wires 
Three baeic hot  wire probe designs w e r e  used; a l l  u t i l i z e d  
0.00016 Inch diameter platinum 10 per  cent  Rhodium wire ae t h e  
sensing elements. The fundamental probe, which was used f o r  the 
detect ion of the i n s t a b i l i t y  and a l l  q u a l i t a t i v e  measurements 
( f igu re  2-61, consisted of a 0.10 inch stainless steel tube as the  
probe s t e m ,  and tm, ordinary sewing needlee at tached t o  the  end 
with a 0.16 inch point  spacing as the  hot wire supports. 
probe was designed t o  f i t  in to  and used exclusively with the tra- 
versing mechanism. A var ia t ion  of this single wire probe was t he  
bent probe. This w a s  made by bending the  s t e m  of the bas ic  probe 
t o  a r i g h t  angle 2.91 inches from the sensing wire. The bend was 
made such tha t  the  wire was p a r a l l e l  t o  the o r ig ina l  s t e m .  
t h i s  wire w a s  i n se r t ed  i n t o  the t ravers ing m e c h a n i s m ,  t h e  sensing 
w i r e  swept through c i r c l e  as the s t e m  was rotated.  
This 
When 
A second probe used w a s  one which had t w o  p a r a l l e l  horizontal  
hot  wires 0.125 inch long spaced 1.6 mm apar t  ( f igure  2.7). This 
w a s  designed such t h a t  the underside of t h e  probe mount was f l u s h  
with t h e  in s ide  of t h e  top p l a t e  of t h e  tank when the  probe was 
ins ta l led .  
t h e  tank, and t h e  e n t i r e  probe w a s  f ixed t o  a l a rge  gear. This 
probe was driven i n  ro ta t ion  at a f ixed rate of 3 sec by an exter- 
na l ly  control led a.c. synchronous motor. 
The needles supporting the  hot wires extended 3 mm i n t o  
0 -1 
Tie t h i r d  probe (figure 2.8) was similar t o  the second except 
t h a t  the sensing port ions of the  wires w e r e  vertical ,  0.10 inch long, 
and 6 PUB from the upper boundary. 
Figure 2.6 Photograph of s i n g l e  
wire probe 
Figure 2.7 Photograph of double 
wire probe with hori-  
zontal  wires 
Figure 2.8 Photograph of double 
w i r e  probe with v e r t i -  
c a l  wires 
30. 
11.5 Associated Electronic  Equipment 
me associated e lec t ronic  equipment used i n  these experiments 
is br i e f ly  described here and shown i n  f igu re  2.9, 
€bt W i r e  Equipment. All hot wire measurements, excluding the  
flowmeter, u t i l i z e d  the  constant current  hot wire system manufac- 
tured commercially by Transmetrice, Inc. This system is composed 
of a current  control  panel for supplying and control l ing the  current  
t o  tw hot wires, a bridge f o r  measuring wire resis tance,  and a PO- 
tentiometer f o r  measuring voltage and current. 
Oes i l la tor . ,  A Hewlett-Packard -del 202C low frequency osc i l -  
lator was used for Lissajous f igures  i n  hot wire ca l ibra t ion ,  and 
as a signal generator for ca l ibra t ion  purposes when operating with 
t w o  wlres, 
X-Y Recorder. A Plotomatic Model 600 X-Y recorder was used t o  
convert d.c. voltages to x,y coordinates. 
Electronic Counter. A Hewlett-Packard Model 522F3 e lec t ronic  
counter was used i n  conjunction with t h e  flowmeter, 
Oscilloscope. A Tektronic Model 502 dual beam oscil loscope 
was used f o r  displaying instantaneous voltages across the hot wires, 
and for Lissajous figures.  
Amplifiers. Two K e i t h l y  Model 102F3 decade i so l a t ion  amplif iers  
w e r e  used to  boost t he  hot wire signal when necessary. 
Recorder, A Sanborn Model 67-1200 pen recorder w a s  used f o r  
phase comparison of two signals,  
.. 21. 
I 
Figure 2.9 Associated electronic equipment 
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CHAPTER 111 
EXPERIMENTAL TECHNIQUES 
111 .1  Measurement of a V e l o c i t y  Vector 
S i n c e  a h o t  wire anemometer is p r i m a r i l y  s e n s i t i v e  t o  the 
component of f l o w  a t  r i g h t  angles t o  t h e  w i r e ,  i t  c a n  be used  t o  
de te rmine  d i r e c t i o n  as w e l l  as magnitude of v e l o c i t y .  The  wire 
i n d i c a t e s  a maximum v e l o c i t y  when i t  is p e r p e n d i c u l a r  t o  t h e  flow, 
and a minimum when p a r a l l e l .  The  v e l o c i t y  i n d i c a t e d  by a h o t  w i r e  
i s  c l o s e l y  approximated by: 
= u  s i n  pI i nd i cat ed m a x  
where fl is t h e  angle between t h e  w i r e  a i d  t h e  flow d i r e c t i o n .  
F o r  t h e  d e t e r m i n a t i o n  of a v e l o c i t y  v e c t o r ,  t h e  h o t  w i r e  w a s  
first calibrated i n  a wind t u n n e l  (see A.4). The hot  wire o u t p u t  
s i g n a l  was t h e n  biased t o  remove a p o r t i o n  of t h e  d o c .  s i g n a l ,  and 
t h e  remaining s i g n a l  was used t o  d r i v e  t h e  X - a x i s  of t h e  X-Y recorder. 
The Y - a x i s  of t h e  r e c o r d e r  was d r i v e n  by t h e  d o c .  v o l t a g e  o u t p u t  of 
t h e  con t inuous  t u r n  po ten t iome te r  on t h e  t r a v e r s i n g  mechanism. The 
motor of t h e  t r a v e r s i n g  mechanism w a s  connec ted  by b e l t  t o  d r i v e  t h e  
probe  a n g u l a r l y .  With t h e  t a n k  rotating, s u c t i o n  applied, and s teady-  
state c o n d i t i o n s  e s t a b l i s h e d  w i t h i n ;  t h e  probe w a s  s l o w l y  r o t a t e d  
th rough  360° w i t h  t h e  X-Y recorder p l o t t i n g  v e l o c i t y  versus a n g u l a r  
p o s i t i o n  ( f i g u r e  3.1) 
When it  w a s  p a r t i c u l a r l y  desireable t o  have maximum accuracy  
23. 
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Figure 3.1 Typical velocity versus hot wire angle curve 
for the determination of the  velocity vector 
24. 
i n  t h e  d e t e r m i n a t i o n  o f  )V 1, and p e r i o d i c a l l y  t o  check  t h e  cali- 
b r a t i o n  of  t h e  hot  w i r e ,  a d i f f e r e n t  t e c h n i q u e  w a s  used. I n  t h i s  
method, t h e  probe w a s  set t o  be p e r p e n d i c u l a r  t o  t h e  f low w i t h  t h e  
t a n k  operating, and t h e  hot wire set p o t e n t i o m e t e r  ba lanced .  The 
t a n k  was t h e n  s topped ,  and the e n t i r e  t r a v e r s i n g  mechanism con- 
t a i n i n g  t h e  probe ,  s t i l l  connected through t h e  same wiring and s l i p  
rings, w a s  p laced  i n  t h e  teet  s e c t i o n  of t h e  c a l i b r a t i o n  wind t u n n e l  
which was a d j a c e n t  to  t h e  tank. The t u n n e l  v e l o c i t y  w a s  a d j u s t e d  
u n t i l  t h e  p o t e n t i o m e t e r  w a s  a g a i n  balanced.  A c y l i n d e r  of known 
diameter w a s  t h e n  i n s e r t e d  a c r o s s  t h e  t es t  s e c t i o n  upstream from 
the hot  w i r e ,  and t h e  S t r o u h a l  shedding f requency  de termined  by t h e  
u s e  of a n  osc i l la tor  and a n  o s c i l l o s c o p e  t o  draw L i s s a j o u 6  f i g u r e s  
(see A.4). The i n d i c a t e d  o s c i l l a t o r  f requency  w a s  checked w i t h  an  
e l e c t r o n i c  f r equency  counter .  The v e l o c i t y  determined by t h i s  method 
is cons ide red  t o  be a c c u r a t e  t o  w i t h i n  2 0.5 c m  sec 
g 
-1 . 
111.2 Profiling t h e  Boundary L a y e r  
To  g e t  a n  accurate c a l i b r a t i o n  o f  t h e  v e r t i c a l  p o s i t i o n  of t h e  
hot w i r e ,  t he  probe w a s  lowered very s lowly  u n t i l  t h e  w i r e  suppor t ing  
n e e d l e s  j u s t  touched  t h e  bottom boundary. A t  t h i s  p o i n t  t h e  r ead ing  
of t h e  micrometer b a r r e l ,  g radua ted  i n  thousand ths  of  a n  i n c h  and 
e a s i l y  r e a d a b l e  t o  0.0005 inch ,  w a s  recorded.  
w a s  moved up, t h e  r e a d i n g s  of t h e  micrometer  could  be d i r e c t l y  con- 
v e r t e d  t o  h e i g h t  o f f  t h e  bottom, z .  To o b t a i n  ver t ical  p r o f i l e s  of 
t h e  h o r i z o n t a l  v e l o c i t y ;  t he  probe w a s  set 0.010 i n c h  o f f  t h e  bottom 
Then as t h e  probe  
25 . 
t!ie t a n k  started a t  a f i x e d  r o t a t i o n  rate, and t h e  s u c t i o n  s t a r t e d .  
F o r  t h e  remainder  of t h e  o p e r a t i o n s ,  t he  s u c t i o n  rate S and t h e  
r o t a t i o n  rate !L were h e l d  c o n s t a n t .  When s t e a d y  state had been 
achieved ,  t h e  v e l o c i t y  v e c t o r  w a s  o b t a i n e d  as 111.1. The  t a n k  w a s  
t h e n  s topped ,  t h e  p robe  w a s  r a i s e d  0.025 i n c h ,  and t h e  p rocedure  
r e p e a t e d .  T h i s  w a s  cont inued  u n t i l  t h e  probe w a s  0.04 i n c h  off 
t h e  b o t t o m .  A t  t h i s  h e i g h t ,  t h e  v e l o c i t y  v e c t o r  w a s  showing no 
ch-mge w i t h  h e i g h t ;  its d i r e c t i o n  w a 6  t a k e n  t o  be t h a t  of t h e  
geostrophic f l o w ,  Oo, and t h i s  angle used t o  calibrate a l l  pre- 
vious measurements i n  t h e  series. T h i s  method of C a l i b r a t i n g  
a n g u l a r  p o s i t i o n ,  w h i l e  n o t  ideal,  w a s  cons ide red  more a c c u r a t e  
t h a n  any of t h e  other t e c h n i q u e s  attempted. 
111.3 Geostrophic V e l o c i t y  as  a F u n c t i o n  of Radius  and Height 
T o  p l o t  p r o f i l e s  of g e o s t r o p h i c  v e l o c i t y  v e r s u s  he igh t ,  i t  
w a s  n e c e s s a r y  t o  c a l i b r a t e  the Y - a x i s  of t h e  X-Y recorder a g a i n s t  
t h e  p o t e n t i o m e t e r  geared t o  t h e  micrometer barrel, a f t e r  c a l i b r a t i n g  
t h e  micrometer as i n  111.2. The d i r e c t i o n  of t h e  geostrophic f l o w  
WX:; determined  as p r e v i o u s l y ,  and t h e  hot  w i r e  w a s  set p e r p e n d i c u l a r  
t o  t h a t  d i r e c t i o n .  The motor o n  t h e  t r a v e r s i n g  mechanism w a s  t h e n  
connec ted  by b e l t  t o  t h e  micrometer d r i v e ,  and t h e  t a n k  r o t a t i o n  and 
s u c t i o n  s t a r t e d ,  Start ing f r o m  z = 0.002 i n c h  ( t h e  v e r t i c a l  t r a v e r s e s  
were a lways  started from t h e  lowest p o i n t  t o  p r e c l u d e  i n a d v e r t e n t  
c o n t a c t  of t he  w i r e  w i t h  t h e  bottom s i n c e  t h i s  g e n e r a l l y  r e s u l t e d  
i n  a broken w i r e ) ,  t h e  probe w a s  d r i v e n  v e r t i c a l l y  a t  a rate of 
25. 
approximate ly  0.005 i n  SeC-’ up t o  z = 0.40 inch .  
v e r t i c a l  d r i v e  was s u f f i c i e n t l y  slow as t o  have no n o t i c e a b l e  
effect on t h e  o u t p u t ;  r e v e r s i n g  t h e  d i r e c t i o n  of motion  and pro- 
T h i s  rate of 
f i l i n g  back down th rough  an area a l r e a d y  covered y i e l d e d  t h e  same 
r e s u l t s .  
On t h o s e  r u n s  where it w a s  d e s i r e d  t o  c o n t i n u e  t h e  p r o f i l e  above 
z = 0.40 i n c h ,  i t  w a s  necessary  t o  r e p o s i t i o n  t h e  probe  i n  t h e  tra- 
v e r s i n g  mechanism. While t h i s  r e p o s i t i o n i n g  w a s  no t  p o s s i b l e  w i t h  
t h e  same accuracy  as t h e  i n i t i a l  v e r t i c a l  c a l i b r a t i o n ,  i t  w a s  
a c c u r a t e  t o  w i t h i n  2 0,010 inch. 
Determining t h e  v e l o c i t y  as a f u n c t i o n  o f  r a d i u s  w a s  c o n s i d e r a b l y  
more d i f f i c u l t .  S i n c e  t h e  t ank  d e s i g n  pe rmi t t ed  measurements on ly  at 
f i v e  fixed s t a t i o n s ,  t he  slow smooth radial t r a v e r s e  which w a s  d e s i r e a b l e  
w a s  n o t  p o s s i b l e .  The means o f  measuring V ( r )  w a s  found t o  be a 
bent  probe. I n  r o t a t i n g  t h i s  t h rough  3600 t h e  sens ing  element  swept 
t h rough  a circle o f  5.82 inch  diameter; t h u s  measurements t a k e n  a t  
two a d j a c e n t  m e a s u r i n g  s t a t i o n s  s e p a r a t e d  by 2 i n c h e s  i n  r a d i u s  o v e r  
lapped  each other. To o b t a i n  V (r) it w a s  necessa ry  t o  make a 3600 
s v e e p  w i t h  t h e  X-Y r e c o r d e r  p l o t t i n g  v e l o c i t y  v e r s u s  a n g l e  a t  each of 
t h e  f i v e  s t a t i o n s  f o r  a f i x e d  S and n. A t y p i c a l  p l o t  from such  a 
m e e p  is shown i n  f i g u r e  3.2. The wake f r o m  t h e  p robe  s t e m  when the 
s e w i n g  element  w a s  downstream shows q u i t e  c l e a r l y  in these p l o t s .  
g 
g 
111.4 D e t e c t i o n  of t h e  Onset of I n s t a b i l i t y  
For  t h i s  phase of t h e  i n v e s t i g a t i o n ,  a s t r a i g h t  single w i r e  
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probe mounted i n  t h e  t r a v e r s i n g  mechanism w a s  used. 
and n o t  a b s o l u t e  v a l u e s  were being s o u g h t ;  i t  w a s  n o t  n e c e s s a r y  t o  
calibrate t h e  hot  w i r e .  P re l imina ry  i n v e s t i g a t i o n s  i n d i c a t e d  t h a t  
t i e  maximum ampl i tude  of t h e  i n s t a b i l i t y  s i g n a l  would be o b t a i n e d  
w i t h  t h e  hot  w i r e  o r i e n t e d  approximate ly  parallel t o  t h e  geostrophic 
f low and one  Ekman d e p t h  off t h e  bottom, so t h i s  p o s i t i o n i n g  w a s  used 
for  t h e  s y s t e m a t i c  i n v e s t i g a t i o n  of o n s e t  of i n s t a b i l i t y .  
S i n c e  f l u c t u a t i o n s  
The  h o t  wire s i g n a l ,  b iased  t o  remove m o s t  of t h e  d.c. w a s  used 
t o  d r i v e  t h e  Y-axis of t h e  recorder .  The X-axis w a s  o p e r a t e d  i n  t he  
time-sweep mode a t  one i n  sec . Opera t ing  t h e  t a n k  at a c o n s t a n t  52, 
t h e  s u c t i o n  S w a s  i n c r e m e n t a l l y  i n c r e a s e d ;  t h e  t a n k  allowed t o  stabilize, 
-1 
and t h e  plotter a c t u a t e d  for one  sweep. F o r  r e l a t i v e l y  l o w  v a l u e s  of 
S, these sweeps were e s s e n t i a l l y  s t r a i g h t  l i n e s .  A t  some p o i n t  i n  
t:iis i n c r e m e n t a l  i n c r e a s e  , however, t h e  hot w i r e  o u t p u t  v o l t a g e  would 
b e g i n  t o  osc i l la te ,  and these o s c i l l a t i o n s  p l o t t e d  a g a i n s t  t i m e  would 
be s i n u s o i d a l  i n  appearance ,  as i n  f i g u r e  3.3. When t h i s  occur red  
S a o u l d  by s y s t e m a t i c a l l y  var ied  downward i n  smaller inc remen t s  u n t i l  
t h e  lowest setting a t  which i n s t a b i l i t y  occur red  w a s  determined.  No 
h y s t e r e s i s  w a s  n o t i c e d  between t h e  c r i t i c a l  p o i n t s  o b t a i n e d  by in- 
creasing or decreasing Reynolds number. A t  t h e  c r i t i ca l  p o i n t ,  t h e  
f l o w m e t e r  f requency  n, t h e  r o t a t i o n  rate Q, and the  r a d i u s  of t h e  
probe  r were recorded.  
- 111.5 Determina t ion  of t h e  Boundary Layer  Th ickness  
For  t h e  de t e rmina t ion  of houndary l a y e r  t h i c k n e s s ,  t h e  equipment 
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was set up as i n  t h e  case of vertical  p r o f i l i n g  of g e o s t r o p h i c  
v e l o c i t y  ( s e c t i o n  111.3) except  t h a t  i n  t h i s  case t h e  probe  w a s  
set p a r a l l e l  to t h e  d i r e c t i o n  o f  t h e  g e o s t r o p h i c  f l o w  (a = 00) .  
As t h e  probe  w a s  d r i v e n  v e r t i c a l l y  upward, t he  r e c o r d e r  p l o t t e d  a 
prof i le  of  r a d i a l  v e l o c i t y  V v e r s u s  h e i g h t .  These  p r o f i l e s ,  as 
shown in f i g u r e  3.4 e x h i b i t e d  t h e  c h a r a c t e r i s t i c  shape of theoreti- 
cal V p r o f i l e s .  The apparent  s h a r p  i n c r e a s e  i n  v e l o c i t y  a t  t h e  
b o t t o m  is a n  a r t i f a c t  caused  by loss of h e a t  from t h e  w i r e  t o  the  
boundary ( W i l l s ,  [ l8] 1. The theoretical Ekman radial  v e l o c i t y  
reaches a maximum at z/D = ~ / 4  ; t h e  measured boundary l a y e r  
t h i c k n e s s  6 u a s  computed by measuring t h e  z c o o r d i n a t e  of t h e  m a x i m u n  
i n  t he  V p r o f i l e ,  and t ak ing  b = 4z/7~. 
r 
r 
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111.6 The Change o f  t h e  I n s t a b i l i t y  
The hot  wire s i g n a l ,  as monitored on an  o s c i l l o s c o p e  or  recorder, 
is q u i t e  r e g u l a r  i n  appearance w i t h  i n c r e a s i n g  Reynolds  number from 
t h e  c r i t i c a l  p o i n t  R e c  up t o  a second w e l l  d e f i n e d  p o i n t .  
p o i n t ,  t h e  character o f  t h e  wave changes markedly and qu ick ly .  
3.5(a) shows t h e  appearance  of t h e  wave at a Reynolds  number j u s t  
below t h i s  p o i n t ,  and f i g u r e  3.5(b) shows i t s  appearance  at t h i s  p o i n t .  
T h e r e  is a 3% d i f f e r e n c e  i n  R e  between t h e  t w o  charts. I t  a p p e a r s  t h a t  
a second o r  d i f f e r e n t  i n s t a b i l i t y  mechanism h a s  t a k e n  p lace .  When 
t h i s  change occur red ,  the  p e r t i n e n t  pa rame te r s  were recorded .  I t  w a s  
no ted ,  however, tha t  t h i s  marked change w a s  observed  o n l y  when t h e  
hot u i r e  w a s  close t o  the  boundary. The change o f  wave  character as  
A t  t h i s  
F i g u r e  
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shown i n  f i g u r e  3.5 w a s  detected w i t h  t h e  double  h o r i z o n t a l  probe,  
which  had i ts  s e n s i n g  w i r e s  3 mm from t h e  boundary. T h i s  change was 
not  observed  when u s i n g  t h e  double probe w i t h  v e r t i c a l  wires, which 
measured  at 6 mm from t h e  boundary. 
111.7 Measurement of Wave Pa rame te r s  
By u t i l i z i n g  one  of t h e  p r o b e s  having t w o  s e n s i n g  w i r e s ,  i t  w a s  
p o s s i b l e  t o  make phase  comparisons o f  t h e  s i g n a l s ,  The s i g n a l  from 
olie w i r e  w a s  u sed  t o  d r i v e  t h e  h o r i z o n t a l  axis of t h e  oscilloscope, 
a n d  t h e  s i g n a l  from t h e  o t h e r  t h e  v e r t i c a l  axis. I n  a d d i t i o n ,  bo th  
s i g n a l s  were f ed  through t h e  K e i t h l y  a m p l i f i e r s  and used t o  d r i v e  
t w o  c h a n n e l s  of t h e  Sanborn r e c o r d e r .  When t h e  s i g n a l s  from t h e  t w o  
wires were i n  phase ,  a l i n e  o r i e n t e d  a t  approximate ly  45O w a s  d i -  
played on the  o s c i l l o s c o p e .  The  angle of t h e  l i n e  is a f u n c t i o n  of 
t h e  r e l a t i v e  ampl i tude  of  t h e  t w o  s i g n a l s ;  however, t h e  f i g u r e  d i s -  
p layed  c o l l a p s e s  f r o m  an  e l l i p s e  t o  a l i n e  on ly  when t h e  two s ig-  
n a l s  are i n  phase.  I n  u t i l i z i n g  t h e  r e c o r d e r  t o  d i s p l a y  phase d i f -  
f e r e n c e s ,  it w a s  n e c e s s a r y  t o  c a l i b r a t e  t h e  system fo r  eve ry  s l i g h t  
change of f requency;  f o r  w h i l e  t h e  K e i t h l y  a m p l i f i e r s  are e x c e l l e n t  
i n  not  i n t r o d u c i n g  any phase s h i f t  a t  f r e q u e n c i e s  above 10 c p s ,  t h e y  
i n t r o d u c e d  c o n s i d e r a b l e  phase s h i f t  i n  t h e  operating range of 1 t o  
3 cps ,  I n  p r a c t i c e ,  t h e  low f requency  osci l la tor  w a s  used as a s i g n a l  
g e n e r a t o r  t o  p r o v i d e  an i d e n t i c a l  i n p u t  t o  both  o f  t he  a m p l i f i e r s  o f  
t h e  f requency  t o  be measured, and t h e  r e c o r d e r  w a s  run  a t  i t s  h i g h e s t  
speed  of 100 mm sec . T h i s  provided  an  a c c u r a t e  c a l i b r a t i o n  of t h e  -1 
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a n p l i f i e f r e c o r d e r  sys tem on which t o  base  phase  measurements. 
To c a l i b r a t e  t h e  a n g l e  8 between t h e  t a n g e n t i a l  d i r e c t i o n  and 
a l i n e  connec t ing  t h e  c e n t e r s  of  t h e  s e n s i n g  rires, a t a n g e n t i a l  
l i n e  w a s  s c r i b e d  on the  t a n k  t o p  p a s s i n g  through t h e  c e n t e r  of t h e  
3/4 i n c h  hole i n  which t h e  probe w a s  t o  be mounted. 
scale made from polar g raph  paper  w a s  t h e n  a f f i x e d  t o  t h e  t o p  around 
t h e  hole and a l i g n e d  w i t h  t h e s e  marks. The t o p  of  t h e  probe  i tself  
~ 9 %  marked t o  i n d i c a t e  t h e  d i r e c t i o n  o f  t h e  l i n e  connec t ing  t h e  
s e n s o r s ,  With t h e  probe  i n  p l ace ,  t h e  angle 8 cou ld  be read 
d i r e c t l y  from t h e  scale on t h e  t a n k  top.  While t h i s  method neces- 
s i ta ted s t o p p i n g  t h e  t a n k  t o  read t h e  angle 8, and i t  would  have  been 
more d e s i r e a b l e  t o  have a con t inuous  o u t p u t  of a n g u l a r  p o s i t i o n ,  
t h e  s l i g h t  inconvenience  d i d  no t  seem t o  war ran t  t he  e x p e n d i t u r e  of  
t i m e  necessa ry  t o  b u i l d  a more s o p h i s t i c a t e d  device .  
An a n g u l a r  
I n  making measurements of t h e  first i n s t a b i l i t y ,  t h e  double  
probe  having v e r t i c a l  wires vas used. I t  was found t h a t  t h e  two 
s t g n a l s  were i n  phase  at only  one o r i e n t a t i o n  of  t he  wires w i t h  
respect t o  t h e  t a n g e n t i a l  d i r e c t i o n ,  and t h i s  aas t a k e n  as t h e  wave 
f r o n t  o r i e n t a t i o n .  T h i s  ang le  was w e l l  d e f i n e d ,  s i n c e  t h e  L i s s a j o u s  
f i g u r e  on  t h e  o s c i l l o s c o p e  went from a n  e l l i p s e  t u r n i n g  i n  one d i r e c t i o n ,  
t h rough  a l i n e ,  t o  a n  e l l i p s e  t u r n i n g  i n  t h e  o t h e r  d i r e c t i o n  i n  5O or 
less or r o t a t i o n  of t h e  probe, 
The phase v e l o c i t y  C of these wave6 w a s  determined by rotaring 
t h e  p robe  u n t i l  t h e  L i s s a j o u s  figure w a s  close t o  a c i rc le ,  and mea- 
siring w i t h  t h e  Sanborn r e c o r d e r  t h e  t i m e  d e l a y  be taeen  the  wave crest 
. -  . 
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reaching t h e  first w i r e  and reaching  t h e  second. With t h e  d i s t a n c e ,  
t h e  t i m e ,  and t h e  f r equency  known; t h e  phase  v e l o c i t y  C and t h e  
wayre length X cou ld  be computed. 
Although it  w a s  d e s i r e a b l e  t o  u s e  t h e  probe  having  v e r t i c a l  
w i r e s  ( s i n c e  t h e y  exhibit  no d i r e c t i o n a l  p r e f e r e n c e  i n  t h e  h o r i z o n t a l  
v e l o c i t y  f i e l d )  f o r  t h e  measurements of t h e  i n s t a b i l i t y  a t  h i g h e r  
R e ,  i t  w a s  no t  p o s s i b l e  (see 111.61, and t h e  doub le  probe  having 
h o r i z o n t a l  w i r e s  w a s  used. 
S i n c e  a h o r i z o n t a l  w i r e  is a lways  s e n s i t i v e  t o  v e r t i c a l  v e l o c i t y  
p e r t u r D a t i o n s ,  and s e l e c t i v e l y  s e n s i t i v e  t o  h o r i z o n t a l  v e l o c i t y  per 
t n r b a t i o n s ;  t h e  i n t e r p r e t a t i o n  o f  t h e  phase  compar isons  i n  t h i s  case 
w a s  more d i f f i c u l t .  A l t h o u g h  t h e  L i s s a j o u s  f i g u r e s  were hazy and 
ill d e f i n e d  most of t h e  t ime;  t h e r e  were f o r t u n a t e l y  t w o  o r i e n t a t i o n s  
a t  wh ich  t h e y  seemed meaningful .  A t  o n l y  one o r i e n t a t i o n  w a s  t h e  
pussage  th rough  a wave f r o n t  c l e a r l y  d e f i n e d ;  t h i s  w a s  t a k e n  as the 
wave f r o n t  o r i e n t a t i o n .  With t h e  probe  p e r p e n d i c u l a r  t o  t h e  pre- 
v i o u s l y  de te rmined  a n g l e ,  t h e  m a x i m u m  phase  d i f f e r e n c e  between t h e  
t w o  s i g n a l s  w a s  observed .  T h i s  w a s  measured on t h e  Sanborn recorder 
and used t o  de t e rmine  wave l e n g t h .  Phase  v e l o c i t y  w a s  computed 
f m d  f and A. 
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ClIAPTER IV 
RESULTS 
I V . l  Type I1 C r i t i c a l  qeynolds  N u m b e r  Based on Mass Flow 
S ince  i n  t h e o r y  t h e  tangential component o f  f l o w  accompl ishes  
no n e t  transport across t h e  tank ,  t h e  e n t i r e  m a s s  t r a n s p o r t  m u s t  
be  accounted  for by t h e  r a d i a l  component. I n t e g r a t i n g  t h e  basic 
Ekman form of V v e r t i c a l l y  from 2 = 0 t o  2 = 1.5 i n c h e s  o v e r  a 
circle of c i r cumfe rence  2 - p  y i e l d s  t h e  t r a n s p o r t  f o r  t h e  boundary 
l a y e r  on one o f  t h e  p l a t e s .  A s s u m i n g  t h e  same form f o r  t h e  upper 
and lower boundary l a y e r s ,  and r e p l a c i n g  t h e  upper  l i m i t  of  
i n t e g r a t i o n  by OT as is commonly a c c e p t e d  i n  boundary l a y e r  theory :  
r 
c 
n 
which may be i n t e g r a t e d  
e -z/D Sin(Z/D> d ( Z / D )  = S 
d i r e c t l y  t o  g i v e :  
Vaing t h i s  v a l u e  o f  V i n  t h e  d e f i n i t i o n  of  Reynolds  number: 
S i m i l a r l y ,  t h e  Rossby number may be de f ined :  
S 
R = - = Re D / 2 r  
0 *r2m 
The o n s e t  of i n s t a b i l i t y  as a f u n c t i o n  o f  S and n w a s  determined 
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f o r  e i g h t e e n  cases, s ix  e a c h  at three d i f f e r e n t  v a l u e s  o f  r a d i u s .  
F o r  each of these t h e  t h e o r e t i c a l  t a n g e n t i a l  v e l o c i t y ,  Reynolds 
number, and Rossby number were computed. The r e s u l t s ,  as  shown 
i n  F i g u r e  4.1, p l o t t e d  as a family o f  l i n e s .  The d a t a  for  each 
r a d i u s  p l o t t e d  as a reasonab ly  s t r a i g h t  l i n e ,  w i t h  a d i f f e r e n t  
l i n e  for  e a c h  r a d i a l  measuring p o s i t i o n .  
IV.2 Type I1 C r i t i c a l  Reynolds Number Based o n  G e o s t r o p h i c  V e l o c i t y  - 
S i n c e  there w a s  no obv ious  r e a s o n  for assuming t h e  c r i t i ca l  
Reynolds number t o  be a f u n c t i o n  of  r a d i u s ,  it w a s  dec ided  t o  re- 
f i n e  R e  by measuring t h e  actual geostrophic v e l o c i t y ,  V . ( H e r e -  
after measured v a l u e s  w i l l  be r e f e r r e d  t o  as geostrophic, and 
theoretical  v e l o c i t i e s  as t a n g e n t i a l ) .  V w a s  measured for each 
of t h e  e i g h t e e n  sets of parameters, and a new Reynolds number and 
Rossby number d e f i n e d  as: 
g 
g 
R e  = V D/v ; R o  = V /28r 
g g 
were computed. A p l o t  of t h e s e  r e s u l t s  is  shown i n  f i g u r e  4.2. 
The r e s u l t i n g  f a m i l y  of l i n e s  is  n e a r l y  i d e n t i c a l  i n  appeaz- 
a n c e  w i t h  t h e  p r e v i o u s  plot. The l i n e s  for each m e a s u r i n g  s t a t i o n  
have t h e  same slope, but are lower by a f a c t o r  of a b o u t  t e n  i n  
Reynolds  number. The g e o s t r o p h i c  v e l o c i t y  w a s  lower  i n  e v e r y  case 
t h a n  t h e  t a n g e n t i a l  v e l o c i t y .  
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IV.3 -e 11 C r i t i c a l  Reynolds Number based on Geostrophic 
V e l o c i t y  and Boundary Layer  Th ickness  
To f u r t h e r  r e f l n e  t he  Reynolds  number, t h e  boundary l a y e r  
t h i c k n e s s  for each  of t h e  e i g h t e e n  sets of paraneters w a s  measured 
as d e s c r i b e d  i n  s e c t i o n  111.5. The new va lue  of t he  Reynolds  number 
w a s  computed f o r  each run ,  and p l o t t e d  a g a i n s t  t h e  v a l u e  of t h e  
Rossby number p r e v i o u s l y  computed using g e o s t r o p h i c  v e l o c i t y .  The 
r e s u l t s  are shown i n  f i g u r e  4.3* The p o i n t s  from a l l  three measuring 
s t a t i o n s  now appea r  t o  fora a reasonab ly  s t r a i g h t  l i n e .  A least- 
s q u a r e s  l i n e a r  r e g r e s s i o n  l i n e  w a s  c a l c u l a t e d  us ing  s t a n d a r d  sta- 
t is t ical  methods ( H o e l ,  [19]), and found t o  be: 
= 56.3 + 116.8 Ro ReIxc 
The measurements of t h e  g e o s t r o p h i c  v e l o c i t y  are c o n s i d e r e d  t o  have 
a n  accu racy  of 2 0.5 c m  sec , and t h e  measurements of boundary 
l a y e r  t h i c k n e s s  were found t o  be r e p e a t a b l e  t o  w i t h i n  2 0.004 c m ,  
hence t h e  minimum cr i t ical  Reynolds  number of Type I1 waves is 
t a k e n  to be 
-1 
= 56.3 2.0 
l -  
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IV.4 The Boundary Layer P r o f i l e  
To determine  t h e  changes i n  boundary l a y e r  p r o f i l e ,  i f  any,  
w i t h  m a s s  f low rate; a series o f  v e r t i c a l  prof i les  of r a d i a l  
v e l o c i t y  through t h e  boundary l a y e r  were made at va ry ing  S for  a 
f i x e d  IL. F i g u r e  4.4 shows one of t h e s e  results. The boundary 
l d y e r  w a s  found t o  d e c r e a s e  i n  t h i c k n e s s  w i t h  i n c r e a s i n g  mass f low 
a t  a fixed r and LL up to approximate ly  t h e  cri t ical  Reynolds  number. 
I n c r e a s i n g  S beyond t h i s  po in t  d i d  n o t  change t h e  t h i c k n e s s  n o t i c e a b l y .  
A t t empt s  t o  correlate the ra t io  of b t o  D w i t h  Reynolds  number, 
Rossby number , or  Ekman number were u n s u c c e s s f u l  ; t h u s  t h e  boundary 
l a y e r  t h i c k n e s s  remains  an undetermined f u n c t i o n  of R e ,  Ro. 
T h a t  t h e  i n s t a b i l i t y  d o e s  i ndeed  o r i g i n a t e  i n  t h e  boundary 
l a y e r  is shown q u i t e  c l e a r l y  by p r o f i l e s  t a k e n  j u s t  a f t e r  t h e  o n s e t  
of i n s t a b i l i t y .  F i g u r e  4.5 shows p r o f i l e s  of r a d i a l  and t a n g e n t i a l  
v e l o c i t y  w i t h  t h e  i n s t a b i l i t y  o s c i l l a t i o n s  c o n f i n e d  t o  the  boundary 
l q e r .  The o s c i l l a t i o n s  seem t o  reach a m a x i m u m  i n  t h e  radial 
v e l o c i t y  p r o f i l e ,  and at a somewhat h i g h e r  p o i n t  i n  t h e  t a n g e n t i a l  
p r o f i l e .  I t  is d i f f i c u l t  t o  assess t h e  h e i g h t  of m a x i m u m  ampl i tude  
i n  t h e  t a n g e n t i a l  velocity p r o f i l e .  
W.5 C r i t i c a l  Reynolds  Number o f  t h e  Type I I n s t a b i l i t y  
As d i s c u s s e d  i n  s e c t i o n  111.6, a second i n s t a b i l i t y  mechanism 
seems t o  o c c u r  a t  a h ighe r  Reynolds  number. The va lue  of Reynolds 
number a t  which t h i s  change o c c u r r e d  w a s  n o t  de te rmined  as be fo re ;  
r a t h e r ,  t h e  g e o s t r o p h i c  v e l o c i t y  w a s  de te rmined  and the  boundary 
f 
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l a y e r  thickness w a s  t a k e n  t o  be t h e  same as had been p r e v i o u s l y  
measured a t  lower Re. T h i s  assumption w a s  based on t h e  r e s u l t s  of 
t h e  p r e v i o u s  s e c t i o n ,  and is b e l i e v e d  t o  be f a i r l y  accurate. These  
r e s u l t s  are shown i n  f i g u r e  4.3. The actual boundary l a y e r  t h i c k n e s s  
would t e n d  t o  be equal  t o  or less t h a n  t h e  va lue  used i n  t h e  compu- 
t a t i o n  of  t h e  Reynolds  number, s i n c e  S is greater t h a n  b e f o r e ;  hence 
t h e  computed v a l u e s  of R e  may be on t h e  h i g h  s i d e .  A l i n e a r  r eg rea -  
s i o n  based on  t e n  p o i n t s  for t h e  Type I i n s t a b i l i t y  y i e l d e d  
R e  = 124.5 + 7.32 R o  
The scatter o f  t h e  p o i n t s  about t he  r e g r e s s i o n  l i n e  is such t h a t  
t h e  computed v a l u e  o f  t h e  s l o p e  may n o t  be e n t i r e l y  s i g n i f i c a n t .  
I t  w a s  no t  f e l t  n e c e s s a r y  t o  be as p r e c i s e  w i t h  t h i s  i n s t a b i l i t y  as 
w i t h  t h e  p r e v i o u s  because of t h e  very  close agreement w i t h  F a l l e r s  
r e s u l t  8. 
IV.6  Wave L e w t h  and O r i e n t a t i o n  of t h e  Type I1 
The wave length and o r i e n t a t i o n  of t h e  waves were determined 
as d e s c r i b e d  i n  s e c t i o n  111.8. F i f t e e n  measurements aere made of 
Type 11 waves; t h e  non-dimensional wavelength  X/D w a s  found t o  
va ry  f r o m  25.0 t o  33.0 w i t h  a mean of  27.8 and a s t a n d a r d  d e v i a t i o n  
of 2.0. To compare t h e s e  v a l u e s  w i t h  those computed t h e o r e t i c a l l y  
by S t e r n  [TI, t h e  T a y l o r  number  T a  w a s  computed for each run ,  and 
t h e  ratio o f  t h e  non-dimensional wavelength t o  t h e  one-fourth power 
of t h e  T a y l o r  number. S t e r n  p r e d i c t e d  a r e l a t i o n s h i p  of t h e  form 
. -  
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A = K T a  a D 
where K is a c o n s t a n t  approximate ly  e q u a l  t o  a. 
a n a l y s i s  o f  t h e  f i f t e e n  measurements showed a mean v a l u e  of t h e  COW 
s t a n t  of 5.98 w i t h  a s t a n d a r d  d e v i a t i o n  of 1.05. T h i s  r e s u l t  is 
no t  as s i g n i f i c a n t  as it  might first appear .  S t e r n ' s  r e l a t i o n s h i p ,  
i f  t he  T a y l o r  number is c o n v e n t i o n a l l y  d e f i n e d  as: 
A stat is t ical  
T a  = szh2/v 
r e d u c e s  t o  
3 X = CD 
which  states t h a t  t h e  wavelength is p r o p o r t i o n a l  t o  t h e  s q u a r e  root 
of t h e  Ekman depth.  The s t anda rd  d e v i a t i o n  when t h e  wavelength  w a s  
r e l a t e d  t o  t h e  E h a n  dep th  w a s  7.2% of  t h e  mean; when r e l a t e d  to t h e  
s q u a r e  root of t h e  Ekman depth t h e  d e v i a t i o n  is 17.5% of  t he  mean. 
I t  would therefore a p p e a r  t h a t  these waves are n o t  t h e  t y p e  d e s c r i b e d  
by Stern .  
The  angle E ,  measured  between t h e  wavefront  and t h e  t a n g e n t i a l  
d i r e c t i o n ,  v a r i e d  from 0 degrees  t o  e i g h t  d e g r e e s  t o  t h e  r i g h t  o f  
t h e  b a s i c  f low ( t h i s  is cons ide red  a n e g a t i v e  angle), w i t h  l a r g e r  
angles g e n e r a l l y  associated w i t h  h i g h e r  r o t a t i o n  rates. 
= -1 The a v e r a g e  phase  v e l o c i t y  of these r a v e s  w a s  e 7.72 c m  sec 
d i r e c t e d  r a d i a l l y  inward,  w i t h  t h e  h i g h e s t  phase  v e l o c i t i e s  a s s o c i a t e d  
w i t h  t h e  lowest r o t a t i o n  rates. T h i s  co r re sponds  to approx ima te ly  
16% of t h e  g e o s t r o p h i c  ve loc i ty .  
47 . 
IV.7 Wave Lennth and O r i e n t a t i o n  o f  t h e  Type I 
The Type I waves, occurring a t  an ave rage  Reynolds  number of 
127 w i t h  a n  ave rage  Rossby number o f  0.33, had a n e a r l y  c o n s t a n t  
angle o f  o r i e n t a t i o n ;  E w a s  found t o  be + 14.6 d e g r e e s  w i t h  a 
s t a n d a r d  d e v i a t i o n  o f  0.8 degrees .  
- 
The non-dimensional wavelength X/D had a mean of 11.8 w i t h  a 
s t a n d a r d  d e v i a t i o n  o f  0.46. The phase  ve loc i ty  normal t o  t h e  uave- 
f r o n t  had a mean of 2.44 c m  sec , which co r re sponds  t o  approximate ly  
3.4% of t h e  g e o s t r o p h i c  ve loc i ty .  
f o r  t h e  h i g h e s t  phase  v e l o c i t i e s  t o  be a s s o c i a t e d  w i t h  t h e  lowest 
rotat ion rates. 
-1 
Once a g a i n  t h e r e  w a s  a tendency 
IV.8  The G e o s t r o p h i c  V e l o c i t y  as a Func t ion  of  HeiPht 
The  t h e o r y  p r e d i c t s  t h a t  t h e  g e o s t r o p h i c  f l o w  i n  t h e  i n t e r i o r  
r e g i o n s  auay from t h e  boundar ies  w i l l  be independent  of he igh t .  
To  test t h i s ,  s e v e r a l  v e r t i c a l  p r o f i l e s  o f  tangential v e l o c i t y  were 
m&de at d i f f e r e n t  r a d i i  from t h e  lower boundary t o  t h e  middle  of t h e  
tank .  A t  r = 25.4 c m  t h e  v e l o c i t y  w a s  v i r t u a l l y  c o n s t a n t  above a 
non-dimensional h e i g h t  Z' = 3rr. A t  a r a d i u s  r = 30.5 c m  t h e  
v e l o c i t y  showed non-periodic  v a r i a t i o n s  of t w o  t o  t h r e e  p e r c e n t ;  
t h e s e  are b e l i e v e d  t o  be e f f e c t s  of t h e  outer  t r a n s i t i o n  reg ion .  
IV.9 The G e o s t r o p h i c  V e l o c i t y  as a Func t ion  o f  Radius  
The g e o s t r o p h i c  v e l o c i t y  as a f u n c t i o n  o f  r a d i u s  w a s  measured 
as d e s c r i b e d  i n  s e c t i o n  111.3. F i g u r e  4.6 is a plot o f  a t y p i c a l  
48. 
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V ( r )  p r o f i l e .  The g e o s t r o p h i c  v e l o c i t y  w a s  found t o  be i n  a l l  
cases less t h a n  t h e  t a n g e n t i a l  v e l o c i t y .  The ratio o f  g e o s t r o p h i c  
t o  t a n g e n t i a l  v e l o c i t y  had a minimum v a l u e  at minimum r a d i u s ,  and 
i n c r e a s e d  mono ton ica l ly  w i t h  i n c r e a s i n g  r a d i u s .  The second o r d e r  
t a n g e n t i a l  v e l o c i t y  V ( 2 )  was calculated a c c o r d i n g  t o  F a l l e r ' s  [ g ]  
work, and is shown on t h e  same plot. The Rossby number c o r r e c t i o n  
d o e s  n o t  markedly a l te r  t h e  t h e o r e t i c a l  prof i le ;  however, t h e  COP 
r e c t i o n  is largest i n  t h e  7 < r < 9 i n c h  range, and t h e  V /V(2) 
ra t io  h i t s  its m a x i m u m  at t h i s  p o i n t .  
I3 
g 
I V . 1 0  The Vertical Boundary L a y e r s  
S i n c e  t h e  r o t a t i n g  t a n k  w a s  e s s e n t i a l l y  bounded by v e r t i c a l  
w a l l s  a t  t h e  hub  and o u t e r  edge,  it would be expec ted  t h a t  v e r t i c a l  
boundary l a y e r s  would form a t  these boundaries .  The boundary l a y e r  
around t h e  hub is a t h i n  v i s c o u s  l a y e r  which shows up  q u i t e  c l e a r l y  
on t h e  V ( r )  p r o f i l e s  ( s e e  f i g u r e  3.2). The zero order approxima- 
t i o n  t o  i ts  w i d t h  w a s  found by F a l l e r  t o  be: 
g 
which is approx ima te ly  0.5 c m  f o r  Q = 60 rpm.  The measured w i d t h  
was 0.4 c m .  
The outer  t r a n s i t i o n  r e g i o n  is v a s t l y  more compl i ca t ed ,  f o r  
by o b s e r v a t i o n  it is a i d e r  by a f a c t o r  of t e n  or more. 
t h a t  t he  w i d t h  of  t he  outer l a y e r  must be s u f f i c i e n t  t o  p r e c l u d e  
c e n t r i f u g a l  i n s t a b i l i t y ;  computa t ions  based on t h i s  y i e l d  a wid th  
F a l l e r  r easqned  
r .  
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of t he  o u t e r  t r a n s i t i o n  reg ion  of t h e  o r d e r  of f i v e  c m ,  The same 
a n a l y s i s ,  however, should  hold fo r  t h e  i n n e r  hub where t h e  w i d t h  
would have t o  be g r e a t e r  s i n c e  t h e  v e l o c i t i e s  are h ighe r .  By 
o b s e r v a t i o n  t h i s  is no t  t h e  case.  
Some e f f e c t s  of the o u t e r  t r a n s i t i o n  r e g i o n ,  i n  t h e  form o f  non- 
p e r i o d i c  v e l o c i t y  f l u c t u a t i o n s ,  were n o t i c e d  w i t h  a hot  w i r e  i n  t he  
boundary l a y e r  a t  r = 30.5 cm at Reynolds  numbers below cr i t ical  and 
r o t a t i o n a l  rates below 60 rpm. T h i s  would imply t h a t  t h e  wid th  o f  
t he  t r a n s i t i o n  r e g i o n  is approximate ly  (R-30.5) c m  or  15 c m  w i t h  
V = 6 5  c m  sec-’, N e i t h e r  t h e  v i s c o u s  a n a l y s i s  n o r  t h e  c e n t r i f u g a l  
i n s t a b i l i t y  a n a l y s i s  come c l o s e  t o  p r e d i c t i n g  t h i s  w i d t h ,  and i t  is 
f e l t  t h a t  there must be some other  mechanism dominant. 
g 
I V .  11 Turbu lence  
F i g u r e  4.7 shows o s c i l l o s c o p e  photographs  of t h e  hot  w i r e  v o l t a g e  
as a f u n c t i o n  of i n c r e a s i n g  S, hence i n c r e a s i n g  R e ,  I n  t h e  u n s t a b l e  
reg ion .  The  t i m e  and ampl i tude  scales f o r  a l l  t h e  photographs  are 
t h e  same. P a t c h e s  o f  h i g h  f requency  appea r  first on the  wave peaks;  
t h e n  as R e  is i n c r e a s e d  the  h i g h  f r equency  i n c r e a s e s  in ampl i tude  and 
s p a t i a l  e x t e n t ,  f i n a l l y  becoming p e r i o d i c  b u r s t s  o f  t u rbu lence .  In- 
c r e a s i n g  R e  even  f u r t h e r  resu l t s  i n  t h e  trace becoming f u l l y  t u r b u l e n t .  No 
orde red  p a t t e r n  w a s  no t i ced  i n  t h e  o n s e t  o f  t u rbu lence .  On s o m e  r u n s ,  
t u r b u l e n c e  c o u l d  be d e t e d t e d  at Reynolds  numbers b e l o w  200; on clthtrs 
none w a s  n o t i c e d  up t o  Reynolds numbers as h igh  as 350. The p i c t u r e s  
do, however, g i v e  a q u a l i t a t i v e  f e e l i n g  f o r  how t h e  t u r b u l e n c e  is 
g e n e r a t e d .  
. 4  
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Figure 4.7 Oscilloscope photographs of the hot wire voltage 
as a function of the Reynolds number showing the 
onset of turbulence 
52. 
CHAPTER V 
DISCUSSION 
V . l  A Theory on Tank C i r c u l a t i o n  
T h e  computa t ions  of  Re and Ro based on  m a s s  f low are based on  
t h e  assumpt ion  t h a t  t h e  e n t i r e  r a d i a l  t r a n s p o r t  o c c u r s  i n  t h e  
boundary l aye r .  C o n s i d e r  t h e  effect, however, of having  even  a 
ve ry  small a g e o s t r o p h i c  component t o  t h e  i n t e r i o r  flow. T h i s  
would act t o  r a d i a l l y  t r a n s p o r t  m a s 8  across a large v e r t i c a l  sec- 
t i o n .  For example, an  i n t e r i o r  f l o w  vary ing  one  degree from t h e  
t a n g e n t i a l  d i r e c t i o n  a t  a r a d i u s  of 25 c m  would have a r a d i a l  mass 
3 -1 --1 
t r a n s p o r t  of 211V I c m  sec . Using t y p i c a l  values of V = 60 c m  sec 
and S = 1745 c m 3  sec'l, i t  is s e e n  t h a t  even  t h i s  s m a l l  d e v i a t i o n  
from geos t rophy  c o u l d  p rov ide  a m a s s  t r a n s p o r t  of 1260 c m 3  sec , 
g g 
-1 
or 73% of t h e  total: From c o n t i n u i t y  c o n s i d e r a t i o n s ,  t h e  n e t  mass 
f low across any s e c t i o n  m u s t  be a c o n s t a n t ;  t h e r e f o r e  any t r a n s p o r t  
accomplished i n  t h e  i n t e r i o r  must be f e l t  as a co r re spond ing  in- 
crease or d e c r e a s e  i n  t h e  boundary l a y e r  t r a n s p o r t .  
If t h e  r a d i a l  component of boundary l a y e r  v e l o c i t y  is  assumed 
t o  have t h e  basic Ekman p r o f i l e  w i t h  a characteristic dep th  d i f -  
f e r e n t  t h a n  t h e  Ekman depth ,  and t o  be i n  e q u i l i b r i u m  w i t h  t h e  
measured g e o s t r o p h i c  v e l o c i t y  above it: 
-z/b V = V e  
r g 
T h i s  may be i n t e g r a t e d  over  
z / b  s i n  
a v e r t i c a l  s e c t i o n  o f  r a d i u s  r: 
. .  
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t o  o b t a i n  t h e  m a s s  t r a n s p o r t  of t h e  boundary l a y e r .  The d i f f e r e n c e  
between t h i s  v a l u e  and t h e  mass t r a n s p o r t  S as measured by t h e  
f l o w m e t e r  is a measure o f  t h e  d e p a r t u r e  from geos t rophy.  Direct 
i n t e g r a t i o n  y i e l d s :  
E? and t h e  ratio E?/S were computed for each  o f  t h e  o b s e r v a t i o n s  
of Type I1 i n s t a b i l i t y ,  A t  a r a d i u s  of  20.3 c m ,  8 w a s  a lways  
g r e a t e r  t h a n  S, w i t h  a n  average v a l u e  of t h e  r a t io  of 1.29. A t  a 
r .=dius  of ‘25.4 c m  8 was always g r e a t e r ,  bu t  t h e  ra t io  v a r i e d  from 
1.25 at Ro = 0.491 t o  1.10 at  Ro = 0.122. A t  a r a d i u s  of 30.5 c m ,  
8 w a s  a lways  less t h a n  S, w i t h  t h e  ratio vary ing  from 0.885 at  
Ro = 0.226 t o  0.993 at R o  = 0.113. Thus  it  is s e e n  t h a t  t h e  t r a n e  
port th rough  t h e  boundary l a y e r  is less t h a n  t h e  ne t  t r a n s p o r t  at 
large r a d i u s ,  and g r e a t e r  t han  t h e  n e t  transport  a t  s m a l l  r ad ius .  
The boundary l a y e r  transport seems t o  approach t h e  n e t  t r a n s p o r t  as 
a l i m i t  iroln bo th  d i r e c t i o n s  as t h e  Rossby number approaches  zero 
at some r a d i u s  25.4 5 rs 30.5. F i g u r e  5.1 is an i n t u i t i v e  model 
of an i n t e r i o r  c i r c u l a t i o n  which would s a t i s f y  t h e  cr i ter ia  developed 
he re .  
V.2 I n e r t i a l  Waves Assoc ia t ed  w i t h  t h e  Type I1 I n s t a b i l i t y  
Cons ide r  a t i m e  dependent p e r t u r b a t i o n  e q u a t i o n  f o r  t h e  
. 
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Figure 5.1 An intuit ive model of the rotating tank circulation 
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boundary l a y e r ,  which assumes mall  Rossby number, s m a l l  p e r t u r -  
b a t i o n  Rossby number, and l a r g e  T a y l o r  number: 
a i  - + G X V  = - V ( P / b )  a t  
O p e r a t i n g  on t h i s  e q u a t i o n  w i t h  CURL to e l i m i n a t e  t h e  p r e s s u r e ,  
and assuming a p e r i o d i c  s o l u t i o n  of t h e  form 
{u, v, wj = {ii, G, 3) e x p  [i ( k ~  + l y  + m s  - w t ) ]  
y i e l d s  three l i n e a r  homogeneous a l g e b r a i c  e q u a t i o n s  i n  t h r e e  un- 
knowns. The requi rement  t h a t  t h e  de te rminan t  o f  t h e  matrix of 
c o e f f i c i e n t s  van i sh  for t h e  e x i s t e n c e  of a n o n - t r i v i a l  s o l u t i o n  
y i e l d s :  
[ __I 2Fm][(2y)2 -- + (k2 + c2 + m 2; )  = 0 
which may be s a t i s f i e d  e i t h e r  by m 5 0 o r  
Ti i ree  p o s s i b i l i t i e s  now exist: (1) w < 252; t h e  r a d i c a l  is imaginary 
and t h e  wave h a s  a v e r t i c a l  wave number; (2)  w > 2L2; t h e  r a d i c a l  
i s  real and t h e  wave h a s  a n  e x p o n e n t i a l  v e r t i c a l  decay ( t h e  r equ i r e -  
ment t h a t  t h e  wave remain  f i n i t e  f o r  large 2 e l i m i n a t e s  t h e  c h o i c e  
of the minus s i g n  i n  f r o n t  of t h e  r a d i c a l  i n  t h i s  case), and (3) 
w = 2!2; I n  which t h e  r a d i c a l  becomes i n f i n i t e  and t h e  choice 
I 
. .  
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m 2 0 m u s t  be t aken .  T h i s  i e  a p u r e l y  i n e r t i a l  wave which is 
independent  of he ight .  
The  Type I1 i n s t a b i l i t y  h a s  been shown t o  o r i g i n a t e  i n  t h e  
boundary l a y e r ,  and it g e n e r a l l y  occurs w i t h  w > 252. 
t u d e  i n c r e a s e s ,  horever, an i n e r t i a l  r e sponse  seems t o  be  s t i m u l a t e d ;  
t h e  f requency  s h i f t 6  downward such t h a t  w is less t h a n  28 and t h e  
As t h e  ampli- 
wave is found a l l  t h e  r a y  through t h e  i n t e r i o r  r eg ion .  Vertical 
p r o f i l e s  of t h e  h o r i z o n t a l  v e l o c i t y  components at Reynolds  numbers 
s l i g h t l y  above c r i t i ca l  showed t h e  p e r t u r b a t i o n s  ex tend ing  w i t h o u t  
n o t i c a b l e  a t t e n u a t i o n  of ampl i tude  u p  through t h e  g e o s t r o p h i c  
reg ion .  F i g u r e  5.2 shows a t y p i c a l  p r o f i l e .  
T h e r e  seemed t o  be a tendency f o r  t h e  f requency  s h i f t  t o  occur  
more r a p i d l y  a f t e r  t h e  o n s e t  of i n s t a b i l i t y  a t  h i g h e r  r o t a t i o n  rates; 
t h i s  would  e x p l a i n  why t h e  computed phase  v e l o c i t i e s  of t h e  waves 
t ended  t o  be h i g h e r  at lower r o t a t i o n  rates. 
V.3 The Type I I n s t a b i l i t y  
The change i n  the character of  t h e  i n s t a b i l i t y  s i g n a l  w a s  
d r a s t i c  when t h e  h o t  w i r e  was 3 mm from t h e  boundary, and n o t  
c 
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HOT WIRE VOLTAGE 
Figure 5 . 2  The radial velocity as a function of height 
showing the inert ial  osci l lat ions extending 
through the interior geostrophic region 
c 
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d e t e c t a b l e  when t h e  w i r e  w a s  a t  6 m. Thus,  at least at its 
o n s e t  t h e  Type I i n s t a b i l i t y  seemed t o  be c o n f i n e d  t o  t h e  boundary 
l a y e r .  S ince  t h e  Type I1 always o c c u r r e d  w i t h  t h e  Type I ,  and t h e  
first m a n i f e s t a t i o n s  of t h e  o n s e t  o f  t u r b u l e n c e r e r e  g e n e r a l l y  n o t i c e d  
at o n l y  s l i g h t l y  h i g h e r  Reynolds  numberg t h e  v e r t i c a l  development,  
if any,  o f  t h e  Type I r a v e s  w a s  no t  i n v e s t i g a t e d .  
V.4 Forc ing  the  I n s t a b i l i t y  
I n  a n  a t t e m p t  t o  l o c k  the i n s t a b i l i t y  s i g n a l  o n t o  a single 
clear frequency t o  s i m p l i f y  t h e  i n v e s t i g a t i o n  o f  wave parameters 
and t o  a l low an  i n v e s t i g a t i o n  o f  t h e  s t a b i l i t y  as a f u n c t i o n  of 
f requency;  a chopping mechanism w a s  i n t r o d u c e d  i n t o  t h e  a i r  l i n e  
from t h e  vacuum c l e a n e r  t o  t h e  t a n k  a h i c h  pu t  approx ima te ly  s inu-  
soidal p r e s s u r e  d i s t u r b a n c e s  i n t o  t h e  t ank ,  T h i s  d i d  n o t  alter t h e  
f requency  of  t he  Type I1 i n s t a b i l i t y  at a l l ;  t h e  observed  f requency  
was t h e  same w i t h  o r  wi thout  t h e  chopper  ope ra t ing .  
The i n t r o d u c t i o n  o f  a v e r t i c a l  rod at a s m a l l  r a d i u s  w a s  found 
t o  i n c r e a s e  t h e  i n s t a b i l i t y  s i g n a l  f o r  a g i v e n  S and Q, To e n s u r e  
t h a t  t h i s  rod d i d  n o t  d i s to r t  the  s i g n a l ,  f o u r  rods, having  d i a m e t e r s  
of 0.100 c m ,  0,156 c m ,  0.273 c m ,  and 0.356 c m  were tested at the  same 
S and 62 .  The f r equency  of t h e  observed  i n s t a b i l i t y  was t h e  same i n  
e a c h  case. The  0.100 c m  rod w a s  used t o  s t i m u l a t e  t he  i n s t a b i l i t y  
fo r  a l l  phase  and o r i e n t a t i o n  measurements. 
These  r e s u l t s  would tend  t o  conf i rm L i l l y ' s  [13] a s s e r t a t i o n  
t h a t  energy  is a b s t r a c t e d  from t h e  mean f low t o  suppor t  t h e  
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disturbance growth only through the C o r i o l i s  t e r m  and t o  ind ica t e  
t h a t  t h e  mechanism discussed by Stern [ 7 ]  i n  which t h e  quasi- 
hydros ta t ic  transmission of pressure f luc tua t ions  couples the 
boundary and t h e  i n t e r i o r ,  is not important here. 
V. 5 Atmospheric Considerations 
Considering a typica l  value of atmospheric eddy viscosi ty  of 
5 2 -1 K = 2 X 10 c m  sec and a v a l u e  of t h e  Cor io l i s  parameter of 
f = 10 -4 -1 sec , it  is  seen tha t  t h e  Ekman l a y e r  depth i s  440 m e t e r s ,  
o r  1443 fee t .  Y e t ,  a i r c r a f t  at a l t i t u d e s  of several  thousand feet 
over water have reported per iodici ty  i n  humidity measurements which 
they  a t t r i b u t e d  t o  t h e  Ekman l aye r .  
The cr i t ical  value f o r  Type I1 i n s t a b i l i t y  would be reached 
under these conditions a t  a wind veloci ty  of 270 c m  sec-’ or less 
than six knots. I t  is possible,  therefore ,  t h a t  t h e  a i r c r a f t  are i n  
r e a l i t y  sensing i n e r t i a l  waves radiated from t h e  unstable boundary 
l aye r .  B a s e d  on experimental evidence, i t  would be expected t h a t  
these f luc tua t ions  would have a wavelength on the  order of 1 2  km; 
however, aircraft data f o r  comparison with t h i s  f igure  are not 
present ly  available.  
. -  
I .  
60. 
CHAPTER V I  
RECWENDAT IONS 
. 
VI. 1 F u r t h e r  Exper imen ta l  Work 
Although t h e  basic r a v e  pa rame te r s  have been measured i n  t h i s  
exper iment ,  i n s t r u m e n t a t i o n  and t a n k  d e s i g n  l i m i t a t i o n s  have  l e f t  
many unanswered q u e s t  ions .  
S tua r t  [6] i n  1955 f i rs t  d e s c r i b e d  the  i n s t a b i l i t y  waves as 
h o r i z o n t a l  r o l l  v o r t i c e s  superimposed on t h e  b a s i c  f l o w ,  bu t  a 
d e t a i l e d  e x p e r i m e n t a l  i n v e s t i g a t i o n  o f  t h e  s t r u c t u r e  of these vor- 
t ices has  never  been carried o u t .  I t  would be i n t e r e s t i n g  t o  
de te rmine  and compare t h e  d e t a i l e d  s t r u c t u r e  of t h e  t w o  t y p e s  o f  
i n s t a b i l i t y  
Another  sugges t ed  a r e a  of f r u i t f u l  research is t h e  a n a l y s i s  of 
t h e  f requency  spec t rum of t h e  i n s t a b i l i t y  as a f u n c t i o n  of Reynolds  
number. The re  seemed t o  be a tendency  f o r  w t o  i n c r e a s e  w i t h  iw- 
c r e a s i n g  R e  u n t i l  w approached 211, a t  which t i m e  a subharmonic 
w o u l d  become dominant.  This w a s  neve r  i n v e s t i g a t e d  because t h e  
f r e q u e n c i e s  invo lved  were so l o r ;  however, t h e  u s e  o f  a tape recorder 
w i t h  a a i d e  speed r ange  would b r i n g  these f r e q u e n c i e s  up t o  t h e  
o p e r a t i n g  range of a wave ana lyze r .  
The undetermined q u e s t i o n  conern ing  t h e  wid th  of t h e  o u t e r  
t r a n s i t i o n  r e g i o n  would c e r t a i n l y  b e n e f i t  from more d e t a i l e d  
measurements a t  l a r g e  r ad ius .  These  might w e l l  i n c l u d e  r a d i a l  pro- 
f i l e s  of t h e  v e l o c i t y  components a t  a v a r i e t y  o f  S and .Q t o  
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de te rmine  i f  t h e  w i d t h  is a f u n c t i o n  of h e i g h t  as w e l l  as t h e  
o t h e r  parameters .  
The  c r i t i ca l  Reynolds  number of t h e  o n s e t  o f  t u r b u l e n c e ,  
the mechanism by which it is g e n e r a t e d ,  its behav io r  as a f u n c t i o n  
of R e  and Ro,  and its statistical character are a l l  areas where 
no q u a n t i t a t i v e  work h a s  been done, The proven c o m p a t i b i l i t y  of 
hot  w i r e  anemometers w i t h  t u r b u l e n c e  s t u d i e s  s u g g e s t s  t h a t  a n  
a p p a r a t u s  of t h e  type which ras used h e r e  would be i d e a l  for such 
s t u d i e s .  
VI.2 Recommended Equipment M o d i f i c a t i o n s  
While operating the t a n k  o v e r  a p e r i o d  of approximate ly  one 
y e a r ,  s e v e r a l  l i m i t a t i o n s  and d i s a d v a n t a g e s  o f  t h e  d e s i g n  were 
n o t i c e d  which shou ld  be e l i m i n a t e d  b e f o r e  f u r t h e r  s t u d i e s  are 
i n i t i a t e d .  
The use of p l e x i g l a s s  f o r  t h e  upper  and lower p l a t e s  allows 
t h e  o b s e r v a t i o n  o f  smoke etc. i n s i d e  t h e  t a n k ,  bu t  makes these SUP- 
faces s u b j e c t  t o  deformat ion  w i t h  t i m e  and stress. The i n i t i a l  
p l a t e  spac ing  of 3.00 i n c h e s  w a s  found t o  be o f f  by 2 0.2 i n c h e s  
a f t e r  a f e w  months, and i t  w a s  necessa ry  t o  b o l t  s p a c e r s  around t h e  
oilter r i m  t o  b r i n g  t h e  spac ing  back t o  the  d e s i g n  value.  
The  three i n c h  spac ing  between t h e  p l a t e s  is c o n s i d e r e d  less 
t h a t  i d e a l .  A t  16 rpm, t h e  c e n t e r  of t he  t a n k  is o n l y  1 2  Ekman 
d e p t h s  from t h e  boundaries .  
I t  is fe l t  t h a t  t h e  diameter o f  t h e  t a n k  shou ld  be inc reased .  
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The t r a n s i t i o n  =ne e x t e n d s  i n  f o r  approximate ly  15 c m ,  and t h e  
c u r v a t u r e  becomes rather large i n s i d e  a r a d i u s  of a b o u t  20 cm. D a t a  
from these expe r imen t s  I n d i c a t e d  t h a t  t h e  measured boundary l a y e r  
t h i c k n e s s  and t h e  g e o s t r o p h i c  v e l o c i t y  approach t h e i r  theoretical 
v a l u e s  o n l y  i n  t h e  range 3 0 1  r l  25 f o r  small Rossby number. 
Extending  the r a d i u s  of t h e  t a n k  t o  75 c m  would e x t e n d  t h i s  r ange  
t o  approximate ly  35 c m .  
A more i d e a l  rotating t a n k  is e n v i s i o n e d  as be ing  1.5 meters 
I n  diameter, w i t h  aluminum o r  steel upper  and lower p l a t e s  spaced  
1 2  c m  a p a r t ;  and having a s l i p  ring block  c o n t a i n i n g  1 2  or more 
rings mounted on t h e  bottom o f  t h e  t a n k  w i t h  t he  wires running  o u t  
t h rough  t h e  hol low s h a f t .  T h i s  would a l l o w  4 rings for  a double  
hot  w i r e  probe,  2 f o r  each of t w o  p o s i t i o n i n g  d r i v e s ,  and 2 for  
each of t w o  p o s i t i o n  po ten t iome te r s .  Undoubtedly,  new instrumen- 
t a t i o n  w i l l  g e n e r a t e  a requi rement  f o r  a d d i t i o n a l  rings; the  f i g u r e  
twe lve  is c o n s i d e r e d  on ly  a s  a minimum. 
Having t h e  rings on  t h e  bottom would e l i m i n a t e  t h e  p r e s e n t  
a l ignment  problem and t h e  need fo r  t h e  overhead framework. 
The  i d e a l  t r a v e r s i n g  mechanism for  t h i s  t a n k  is c o n s i d e r e d  to 
be one  which would a l l o w  r a d i a l  t r a v e r s i n g  of a probe  a t  any h e i g h t ,  
and allow t h e  change of p o s i t i o n  o f  t w o  w i r e s  r e l a t i v e  t o  e a c h  
other w h i l e  t he  t a n k  is in motion. U n f o r t u n a t e l y ,  a working 
d e s i g n  f o r  this i d e a l  has n o t  been developed. 
I . .  
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APPENDIX A 
THEORY, CONSI'RUCTION, CALIBRATION AND OPERATION OF HUT WIRES 
A.1 Basic H o t  W i r e  T h s o q  
The following is  a s i m p l i f i e d  development of h o t  w i r e  t h e o r y  
p r e s e n t e d  for b a s i c  unders tanding;  a more complete  development is 
g i v e n  by C o r r s i n  [ 201. 
Cons ide r  t h e  a p p l i c a t i o n  of t h e  F i r s t  Law of Thermodynamics 
t o  a c y l i n d r i c a l  w i r e  of d i a m e t e r  d,  l e n g t h  4, 
suspended p e r p e n d i c u l a r  t o  a uniform f l o w  of f l u i d  o f  v e l o c i t y  U 
and temperature  Ta: 
and temperature T; 
dE d" - = p 7 Cp 4 $ = change of i n t e r n a l  energy  d t  
- dw = - 1 2 R  = J o u l e  h e a t i n g  
d t  
3 = - m&(T - Ta) = t r a n s f e r  of h e a t  
d t  
across the s u r f a c e  area of t h e  w i r e ,  w i t h  h t h e  heat t r a n s f e r  
c o e f f i c i e n t  , s o m e t i m e s  c a l l e d  t h e  ('film coef f i c i e n t "  . The equa- 
t i o n  as it  s t a n d s  cannot  be e v a l u a t e d  d i r e c t l y ,  however, because 
h is a n  unknown f u n c t i o n  not o n l y  o f  t he  f l o w  v e l o c i t y  U and t h e  
w i r e  geometry,  b u t  also of the f l u i d  p r o p e r t i e s :  
h = f(u,d,C ,k 
P cr P) 
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( 2 )  
where U = v e l o c i t y  of f low 
d = w i r e  d i ame te r  
p = f l u i d  v i s c o s i t y  
p = f l u i d  d e n s i t y  
C = f l u i d  s p e c i f i c  h e a t  at c o n s t a n t  p r e s s m e  
k = f l u i d  the rma l  c o n d u c t i v i t y  
P 
Using t h e  r-Theorem of dimens iona l  a n a l y s i s  (Bridgeman [ 241 ) ,' t h e s e  
seven  unknowns can  be a r r anged  i n t o  t h r e e  d imens ion le s s  parameters: 
NU = - dh , The N u s s e l t  number, a d i m e n s i o n l e s s  h e a t  
t r a n s f e  r coe f f i c  i e n t  
R e  = 9, The Reynolds  number, a ratio o f  v i s c o u s  t o  
i n e r t i a l  f o r c e s  
P r  = The P r a n d t l  number, a ra t io  of momentum - 
k d i f f u s i v i t y  t o  h e a t  d i f f u s i v i t y  i n  t h e  f l u i d .  
For a i r ,  t h e  P r a n d t l  number is e s s e n t i a l l y  c o n s t a n t ,  and t h e  relation- 
s h i p  r e d u c e s  to: 
Nu = Nu (Re)  (3) 
T h i s  r e l a t i o n s h i p  h a s  been found by C o l l i s  and W i l l i a m s  [21] t o  f i t  
t h e  fo l lowing  empirical e q u a t i o n  for a f i x e d  ove rhea t  ratio (T - Ta)/Ta 
Rea 
+ B1 Nu = ( 4 )  
, 
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B1, and m are c o n s t a n t  o v e r  f i x e d  Reynolds  number ranges, 
1’ where A 
w i t h  m = 0.45 o v e r  t h e  range of i n t e r e s t  of t h i s  paper .  
T h i s  may be w r i t t e n  as 
1 k 0.45 d 1  h = - (A + B1 R e  
Thus,  
0.45 dQ - = - sr tk  (A1 + B1 Re )(T - T a l  
d t  
(6) 
I f  t h e  r e s i s t a n c e  is t a k e n  as a f u n c t i o n  of t h e  t empera tu re  on ly ,  
and expanded i n  a power seriest 
( 7 )  R = R [l + al(T - Tal  + a2(T - T a l  2 + ...I a 
u t i l i z i n g  the  first t w o  terms y i e l d s :  
R - R  a - T - T a  - a R  l a  
( 8 )  
making t h i s  s u b s t i t u t i o n ,  t h e  F i r s t  Lau may be w r i t t e n  i n  t h e  f o r m :  
)(R - Ra)  (9) 7Td2 = 12R - n-&k -(A + Bl[d/v] 0.45 u0.45 1 “lRa 6 Z - p - Z  
I n  t h i s  e q u a t i o n ,  t h e  term on t h e  l e f t  r e p r e s e n t s  t h e  themal i n e r t i a  
of t h e  w i r e ;  t he  f i r s t  term on  t h e  r i g h t  is t h e  p o w e r  supp l i ed ,  and 
t h e  second r e p r e s e n t s  t h e  h e a t  c a r r i e d  away by f o r c e d  convectiori .  ~ 
Assuming a flow of v e l o c i t y  U = 50 c m  sec , a w i r e  l e n g t h  of 1 c m ,  
a w i r e  d i ame te r  of 1.6 X 10 i n c h e s ,  and e v a l u a t i n g  f l u i d  p r o p e r t i e s  
-1 
-4 
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at ambient temperature; each of t h e s e  terms may be evaluated, The 
t w o  on t h e  r igh t  are found to be of order  cal sec , while the  
term on t h e  le f t  is of order 10 
large amplitude high frequency response, steady state heat loss 
ca l ib ra t ions  can be used i n  ca lcu la t ing  t h e  dynamic response of t h e  
wire. Assuming t h e  parameters for any given w i r e  remain constant,  
and t h a t  t he  f l u i d  parameters are constant over t h e  operating range, 
t h e  hot w i r e  response equation may be wr i t ten  as 
-1 
-8 dR/dt cal sec-'. Thus f o r  even 
I 'It 0.45 -- = A + B U  
R - Ra 
A and B are now constants  f o r  any given ca l ibra t ion ,  but may valy 
from w i r e  t o  w i r e  or t i m e  t o  t i m e  because of d i f f e ren t  contact 
res i s tances  in soldering, t h e  carrying away of heat from the  w i r e  
by t h e  supporting needles, t h e  accumulation of dust on t h e  w i r e  etc. 
A.2 H o t  Wire Probe Construction 
The function of a hot w i r e  probe is merely t o  provide supports 
upon which the  sensing w i r e  may be mounted, w h i l e  introducing t h e  
least possible  disturbance i n t o  t h e  flow. Any material which is 
convenient, and any shape which serves  t o  p u t  t h e  wire i n  t h e  
desired pos i t ion  may be used. Small ordinary s e w i n g  needles, such 
as number 12, make i d e a l  w i r e  supports s ince they present a minimum 
obstruct ion t o  the  flow. 
The single w i r e  probes used i n  t h i s  series of experiments were 
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c o n s t r u c t e d  of a 0.10 i n c h  d i a m e t e r  s t a i n l e s s  steel  t u b e  w i t h  t w o  
n e e d l e s  mounted on one  end. One n e e d l e  w a s  held i n s i d e  t h e  t u b e  
and i n s u l a t e d  from t h e  t u b e  by means of a n  epoxy t y p e  cement. A 
w i r e  s o l d e r e d  t o  t h i s  need le  and running  th rough  t h e  t u b e  acted as 
electrical conduc to r  f o r  t h i s  po in t .  The other n e e d l e  was soldered 
t o  t h e  s i d e  of t h e  t u b e ,  w i t h  t h e  t u b e  i tsel f  act ing as a conductor ,  
A l l  t h e  single w i r e  p r o b e s  u t i l i z e d  a 3/16 i n c h  n e e d l e  p o i n t  spac ing .  
A f t e r  t h e  n e e d l e s  were i n  p l ace ,  a collar of epoxy w a s  b u i l t  up 
a round the  end of t h e  t u b e  and t h e  b a s e  of t h e  t w o  need le s .  T h i s  
was t h e n  machined t o  g i v e  t h e  probe  a smooth p r o f i l e .  
Both double  wire probes  used were c o n s t r u c t e d  by mounting 
n e e d l e s  i n  a p l e x i g l a s s  plug, which w a s  des igned  t o  f i t  i n t o  t h e  
holes on t h e  t o p  of t h e  rotating t a n k  w i t h  t h e  u n d e r s i d e  of  t h e  
plug f l u s h  w i t h  t h e  i n s i d e  of t h e  t a n k  top. 
were s o l d e r e d  t o  t h e  n e e d l e s  u s i n g  s t a i n l e s s  steel f l u x ,  and t h e  
n e e d l e s  w e r e  t h e n  h e l d  i n  p l a c e  i n  t h e  p l e x i g l a s e  by epoxy, When 
i t  w a s  d e s i r e a b l e  t o  bend a need le ,  as i n  t he  c o n s t r u c t i o n  of t h e  
doub le  v e r t i c a l  w i r e  proge ( f i g u r e  2.81, t h e  need le  w a s  heated first 
t o  p r e v e n t  it f r o m  breaking.  
Stranded copper  aires 
A.3 M o u n t i w  H o t  Wire F i l amen t s  
The key t o  a w e l l  s o l d e r e d  j o i n t  between t h e  n e e d l e  p o i n t s  and 
t h e  w i r e  is having  t h e  need le  p o i n t s  w e l l  t i n n e d  b e f o r e  t h e  mounting 
o p e r a t i o n  is s t a r t e d ,  S ince  s e w i n g  n e e d l e s  are g e n e r a l l y  s t a i n l e s s  
steel, a good s t a i n l e s s  steel  f l u x  shou ld  be used, and t h e n  n e u t r a l i z e d  
e 
. -  
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after t h e  t i n n i n g  is completed.  
The w i r e  used as f i l a m e n t s  w a s  a 0.00016 i n c h  diameter p la t inum 
w i r e  w i t h  10% Rhodium for added strength. A s  purchased ,  t he  w i r e  
had a d iame te r  of 0,002 inch ,  having  a n  outer l a y e r  o f  s i l v e r  which 
mast be removed before the wire is used as a sensor .  Two d i f f e r e n t  
t e c h n i q u e s  may be employed he re :  
The first method removes t h e  o u t e r  c o a t i n g  of t h e  w i r e  b e f o r e  
i t  is s o l d e r e d  t o  t h e  probe. A 7 0  normal  n i t r i c  a c i d  s o l u t i o n  
etches t h e  p l a t inum c l e a n  i n  about  f i v e  minutes.  S o l d e r i n g  t h e  
etched w i r e  t o  t h e  n e e d l e  p o i n t s  is a d e l i c a t e  o p e r a t i o n  requi r ing  
p a t i e n c e ,  a s t e a d y  hand, p a t i e n c e ,  t h e  p r o p e r  equipment,  and 
p a t i e n c e .  The  p r o p e r  equipment c o n s i s t s  of: (1) a micromanipula tor  
t o  hold t h e  hot w i r e  probe,  capable of moving the n e e d l e  p o i n t s  by 
f i n e  d e g r e e s  about  each of i ts  three axes; and having  a yoke or f o r k  
from which t h e  w i r e  may be suspended;  
s i n c e  t h e  e t c h e d  w i r e  is v i r t u a l l y  i n v i s i b l e  t o  t h e  naked eye ;  and 
(3) a micro-minia ture  s o l d e r i n g  i r o n  w i t h  a v a r i a b l e  heat c o n t r o l  
( f i g u r e  A.1). 
( 2 )  a good o p t i c a l  system, 
I n  mounting t h e  w i r e ,  a s m a l l  weight  must  first be a t t a c h e d  t o  
T h i s  is  most each end of a 18 - 2 i n c h  s e c t i o n  of t h e  e t ched  w i r e .  
e a s i l y  accomplished by p u t t i n g  a s m a l l  d rop  of l a c q u e r  on t h e  we igh t ,  
and p l a c i n g  t h e  end o f  the w i r e  i n  t h e  l acque r ,  The weighted w i r e  
is t h e n  hung across t h e  fork, K i t h  t h e  free hanging w e i g h t s  keeping 
t h e  p rope r  t e n s i o n  on the wire w h i l e  it is so lde red .  T h e  probe  
p o i n t s  are t h e n  manipulated u n t i l  t h e  w i r e  is p e r f e c t l y  a l i g n e d  w i t h  
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(11) 
I n  p r a c t i c e ,  t h e  shedding f r equency  w a s  de te rmined  by the  u s e  
of an osci l la tor  t o  draw L i s s a j o u 8  f i g u r e s  on a n  oscilloscope. 
The  h o t  w i r e  o u t p u t  w a s  f e d  back th rough  t h e  s l i p  rings of  t h e  
rotating t a n k  to  t h e  po ten t iome te r ,  so t h a t  a l l  of  t h e  same cow 
p o n e n t s  were used i n  c a l i b r a t i o n  as i n  ope ra t ion .  For each change 
of v e l o c i t y  th rough  the wind t u n n e l ,  t h e  hot w i r e  v o l t a g e ,  t h e  
c y l i n d e r  d i ame te r ,  and t h e  shedding f r equency  w e r e  recorded. 
S i n c e  t h e  c a l i b r a t i o n  o f  a g i v e n  hot w i r e  may change d a i l y  
(Browand [23], it  is necessa ry  t o  calibrate both before 
and after each  s e s s i o n  of d a t a  t a k i n g ,  To  s i m p l i f y  t h e  procedure ,  
and c u t  down on t h e  t i m e  r e q u i r e d  fo r  c a l i b r a t i o n ,  a multi-element 
graph w a s  developed (figure A.3). S e c t i o n  I t a k e s  c y l i n d e r  diameter 
and k inemat i c  v i s c o s i t y  i n t o  accoun t ,  and p l o t s  e q u a t i o n  (11) as a 
fami ly  of l i n e s  c o n v e r t i n g  shedding f requency  t o  v e l o c i t y .  S e c t i o n  I1 
c o n v e r t s  v e l o c i t y  t o  ( v e l o c i t y )  , S e c t i o n  111 t a k e s  t h e  w i r e  cold 
r e s i s t a n c e  R and t h e  c u r r e n t  I i n t o  account ,  and c o n v e r t s  t h e  hot 
w i r e  v o l t a g e  t o  a form which is l i n e a r  u i t h  ( v e l o c i t y )  
(10)). 
t i o n  IV as t h e  d a t a  is taken. 
accurate c a l i b r a t i o n  cu rve  t o  be plotted i n  less t h a n  t e n  minutes ,  
BJ vary ing  c y l i n d e r  size, it is p o s s i b l e  t o  g e t  accurate v a l u e s  of  
v e l o c i t y  from 15 c m  sec C a r e  m u s t  be 
t a k e n ,  however, t o  i n s u r e  t h a t  t h e  f i n i t e  d imens ions  of t h e  test  
0.45 
a 
0.45 (Equat ion  
The c a l i b r a t i o n  p o i n t s  can  now be p l o t t e d  d i r e c t l y  on Sec- 
The u s e  of t h i s  system allows a n  
-1 t o  w e l l  o v e r  500 c m  sec-l. 
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them, and p r e s s e d  t i g h t l y  a g a i n s t  them. H e a t  is t h e n  a p p l i e d  t o  
each  n e e d l e  i n  t u r n ,  w e l l  down away from t h e  w i r e ,  u n t i l  t h e  
s o l d e r  f l o w s  and forme a amooth j o i n t .  C a r e  m u s t  be e x e r c i s e d  a t  
t h i s  p o i n t  t o  app ly  no  more h e a t  t h a n  is necessa ry  for t he  s o l d e r ,  
sZnce t h e  e t c h e d  wire burns  th rough  q u i t e  e a s i l y .  A f t e r  both j o i n t s  
are so lde red ,  t h e  e n d s  of t h e  w i r e  may be broken o f f  w i t h  f i n e  
t u e e z e r s ,  and t h e  probe  is ready for  c a l i b r a t i o n .  
The second method is t o  s o l d e r  t h e  unetched w i r e  t o  t h e  n e e d l e s ,  
and t h e n  etch a p o r t i o n  o f  t h e  w i r e  between t h e  suppor t s .  T h i s  
method h a s  an advantage  i n  t h a t  i t  allows t h e  u s e  o f  shorter sens ing  
w i r e  l e n g t h s  t h a n  t h e  p rev ious  method. The unetched w i r e  is of 
s u f f i c i e n t  size t h a t  it may c o n v e n i e n t l y  be s o l d e r e d  t o  t h e  probe  
by hand wi thou t  t h e  need for m a n i p u l a t o r s  or o p t i c a l  devices .  The 
c e n t e r  p o r t i o n  of t h e  mounted wire is t h e n  e t c h e d  by a l l o w i n g  acid 
from a f i n e  t u b e  t o  d r i p  s lowly o v e r  t h e  w i r e .  The d i ame te r  of t h e  
d r i p  t u b e  d e t e r m i n e s  t h e  l e n g t h  of t he  etched por t ion .  The resis- 
t a n c e  of t h e  w i r e  c a n  be monitored w i t h  an  ohm meter d u r i n g  t h i s  
p r o c e s s ,  and t w o  or more wires c a n  be made to have e q u a l  s e n s i t i v i t y  
by a d j u s t i n g  t he  e t c h e d  length .  When the e t c h i n g  p r o c e s s  is complete ,  
t h e  a c i d  should  be n e u t r a l i z e d  and t h e  wire washed i n  c l e a n  water. 
I t  is now ready  for c a l i b r a t i o n .  
A.4 Hot Wire C a l i b r a t i o n  
The r e l a t i o n s h i p  between w i r e  r e s i s t a n c e  and v e l o c i t y  of flow 
p a s t  t h e  w i r e  w a s  developed earlier as: 
73, 
0.45 = A + 
R - Ra 
C 
where A and B were c o n s t a n t s  for  a c o n s t a n t  overheat ratio. F o r  
c o n s t a n t  c u r r e n t  o p e r a t i o n ,  t h e  o v e r h e a t  ratio d o e s  n o t  remain  
c o n s t a n t ,  bu t  t h e  f l u c t u a t i o n s  are small enough t h a t  A and B may 
s a f e l y  be c o n s i d e r e d  as c o n s t a n t s .  
The  uncompensated c o n s t a n t  c u r r e n t  anemometer i n  its simplest 
form c o n s i s t s  o f  a power supply,  a l a r g e  r e s i s t a n c e ,  and t h e  hot 
w i r e ;  a l l  i n  series so t h a t  t h e  c u r r e n t  th rough t h e  w i r e  is effec- 
t i v e l y  independent  o f  i ts  r e s i s t a n c e .  The v o l t a g e  across t h e  w i r e  
t h e n  v a r i e s  as a l i n e a r  f u n c t i o n  of t h e  r e s i s t a n c e ,  which is  a 
non- l inea r  f u n c t i o n  o f  t h e  v e l o c i t y .  The r e sponse  of t h e  uncom- 
pensa ted  w i r e  shows no a t t e n u a t i o n  of ampl i tude  w i t h  f r equency  up 
t o  f r e q u e n c i e s  o f  several hundred c p s  (Flow C o r p o r a t i o n  [ 221 1; and 
a compensat ing a m p l i f i e r  was n o t  n e c e s s a r y  i n  t h e s e  exper iments ,  
T o  o b t a i n  known v e l o c i t i e s ,  a s m a l l  wind t u n n e l  ( f i g u r e  A.2) 
was b u i l t  which al lowed t h e  e n t i r e  hot  w i r e  t r a v e r s i n g  mechanism 
t o  be mounted on  t h e  test s e c t i o n .  Upstream i n  t h e  test  s e c t i o n  a 
s m a l l  hole w a s  d r i l l e d  i n  t h e  s i d e  t o  allow t h e  i n s e r t i o n  o f  v a r i o u s  
s i z e d  c y l i n d e r s  across t h e  flow. The v o r t i c e s  shed by these c y l i n d e r s  
above a c e r t a i n  rod Reynolds number ( R e  = Ud/v) a p p e a r  as a 
s i n u s o i d a l l y  va ry ing  vo l t age  i n  t h e  hot w i r e .  Fo l lowing  Roshko 
[ 161 , t h e  r e l a t i o n s h i p  betweecn v e l o c i t y  and S t rouha l  shedding  
f requency  is t a k e n  as: 
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s e c t i o n  i n  use  do 
e a s i l y  checked by 
n o t  i n f l u e n c e  t h e  shedding f requency .  T h i s  is 
u s i n g  more t h a n  one  c y l i n d e r  at t h e  same v e l o c i t y  
t o  see i f  t h e y  y i e l d  the  same results; and i n  g e n e r a l  c a n  be avoided  
by o p e r a t i n g  at t h e  lowest p o s s i b l e  rod  Reynolds  number. With t h e  
c a l i b r a t i o n  c u r v e  p l o t t e d ,  t h e  g r a p h  is a u s e f u l  working tool which 
c o n v e r t s  hot w i r e  v o l t a g e s  d i r e c t l y  t o  v e l o c i t i e s .  
A.5 H o t  Wire O p e r a t i o n  
Probably t h e  b i g g e s t  single f a c t o r  i n  t h e  s u c c e s s f u l  u s e  of hot  
w i r e  anemometers is t h e  exercise of r e a s o n a b l e  care i n  hand l ing  them. 
T h e r e  is no th ing  q u i t e  so f r u s t r a t i n g  as breaking  a wire a f t e r  having 
s p e n t  h o u r s  i n  b u i l d i n g  and c a l i b r a t i n g  it. When n o t  i n  u s e ,  t h e  
p robes  should  be shock  mounted and stored i n  a closed c o n t a i n e r .  
The a c t u a l  o p e r a t i o n  of t h e  anemometer c o n s i s t s  o f  no th ing  more 
t h a n  setting t h e  d e s i r e d  va lue  of c u r r e n t ,  based on t h e  d e s i r e d  o v e p  
heat ratio,  and t h e n  moni tor ing  t h e  o u t p u t  v o l t a g e  by some conven ien t  
means. P lo t te rs  and recorders have t h e  advantage  of c r e a t i n g  a p e p  
manent r eco rd ,  but  t h e y  may i n t r o d u c e  some d i s t o r t i o n  t o  t h e  s i g n a l  
d*le  t o  t h e i r  own sys tem dynamics, Oscilloscope photographs  seem t o  
of fe r  t h e  least d i s t o r t e d  p i c t u r e  o f  t he  ou tpu t ,  
S i n c e  t h e  w i r e  is p r i m a r i l y  s e n s i t i v e  t o  f l o w  at r i g h t  angles 
t o  i t ,  it may be used t o  de termine  t h e  d i r e c t i o n  as w e l l  as t h e  
magnitude of t h e  f l o w .  T h i s  t e c h n i q u e  is d e s c r i b e d  i n  III,1. 
